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ABSTRACT 
Parasitoid wasps play a pivotal role in maintaining the structure and dynamics of 
complex food webs. However, classical species sampling techniques such as malaise, light and 
yellow pan trapping, generally lack information regarding host utilization. Even within the 
species for which host data is available, there are commonly too few accurate records to provide 
a realistic depiction of host breadth. As a result, detailed phylogenetic studies including both 
realistic subsets of species and empirical data regarding parasitoid life history are rare, if not 
until very recently completely absent from the literature. Over the past decade however, a 
number of rearing inventories in Ecuador, Costa Rica and Papua New Guinea have superseded 
classical technique, providing multiple records collected over many years for every specimen 
reared, representing a unique opportunity to study the evolution of host breadth and 
specialization across and within parasitoid lineages.  
In the following chapters I present multi-gene molecular phylogenies, including in-depth 
life history information for two separate microgastrine genera, Cotesia and Parapanteles, the 
data for which were collected over a number of years by two large scale rearing inventories, the 
Area de Conservación Guanacaste (ACG) inventory, Costa Rica and the Yanayacu Field Station, 
Ecuador. 
 Using the 53 provisional morpho-barcode species of the genus Cotesia outlined by Smith 
et al. (2008), I reconstructed a five-gene molecular phylogeny which synthesizes detailed 
ecological data amassed over years of ACG Cotesia rearings. By presenting ecological data in a 
phylogenetic context and using the findings of recently published lepidopteran phylogenies, I 
investigate the phylogenetic history of Costa Rican Cotesia and relate their patterns of host use 
to the corresponding phylogenetic relationships of the caterpillars they parasitize. 
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 Secondly, I reconstructed a three-gene molecular phylogeny of Ecuadorian members of 
the genus Parapanteles. With only 16 tropical species described to date, Parapanteles are 
thought to be a moderately large but poorly understood genus of the Microgastrinae (Valerio et 
al. 2009). The phylogeny I present includes 16 provisional new species, potentially doubling the 
count of known Parapanteles in the tropics.  All of the parasitoids included in this collaborative 
study were reared from caterpillars in the hyper-diverse genus Eois (Geometridae: Lepidoptera), 
that are all specialist feeders on plants in the equally diverse plant family Piper (Piperaceae: 
Piperales). Phylogenies were estimated for each of the genera within each trophic interaction. 
Phylogenetic and ecological data were brought together for the Piper, Eois, and Parapanteles 
cascade (most of which are recently discovered, undescribed species) using novel statistical 
techniques, implemented to investigate the role of resource use in diversification across three 
trophic levels. The results of which were used to speculate about the phylogenetic distribution of 
host use within three hyper-diverse genera in a tropical ecosystem. 
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PREFACE 
Parasitoid wasps (Hymenoptera) are among the most diverse and species-rich groups of 
organisms on the planet, representing upwards of 20% of the world’s insect species (La Salle and 
Gauld, 1992). A parasitoid is an organism that is free-living as an adult, but spends a significant 
period of its life cycle on or within a single host organism, inevitably killing and often 
consuming the host in the process (Godfray, 1994).  Caterpillars are the dominant herbivores in 
terrestrial ecosystems (Janzen 1988), and thus, due to the catastrophic nature of the host-
parasitoid relationship, in which almost every caterpillar family (Lepidoptera) is parasitized, 
parasitoid wasps play a pivotal role in maintaining the structure and dynamics of complex food 
webs. 
In general, each (abundant) species of caterpillar is attacked by a host-specific suite of 
parasitoid species, the most significant of which are included within the Braconidae, 
Ichneumonidae (Hymenoptera: Ichneumonoidea) and Tachinidae (Diptera: Oestroidea). As a 
result, various species of each of these groups have been introduced as highly successful agents 
of classical and novel-association biological control of lepidopteran pests (Waage and Hassell, 
1982; Stiling and Cornelissen, 2005). 
 
Subfamily: Microgastrinae 
Within the Braconidae, the most conspicuous group attacking caterpillars are the hyper-
diverse Microgastrinae. As exclusive caterpillar parasitoids, the Microgastrinae are one of, if not 
the, most economically important natural enemies of Lepidoptera in the world; over 100 species 
have been utilized in the biological control of lepidopteran pests (Whitfield, 1997). The 
Microgastrinae utilize virtually every lepidopteran lineage and are extraordinarily diverse, with 
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well over 1400 species described and conservative estimates standing at 5,000-10,000 species 
worldwide (Whitfield, 1997).  
Due to their tiny size (~2-5 mm), intricate suite of character combinations and high 
incidence of morphological convergence and character reduction, identification of 
Microgastrinae specimens is a virtual impossibility in the field and tedious and time-consuming 
in the laboratory, usually requiring an expert taxonomist for each genus (Shaw and Huddleston, 
1991). These problems, combined with a relative paucity in expert taxonomists, have hindered 
our understanding of the true diversity present within the Microgastrinae.  
Despite such difficulties, the group has received considerable phylogenetic attention in 
recent years (Mardulyn and Whitfield, 1999; Banks and Whitfield, 2006; Murphy et al., 2008), in 
part owing to their fascinating association with mutualistic polydnaviruses (PDVs), which 
compromise the immune system of their host. Smaller studies of narrowly defined assemblages 
containing species relevant to biocontrol have also been carried out due to their agricultural 
and/or economic importance (Smith and Kambhampati, 2004).  
 
Polydnaviruses 
Each species of Microgastrinae is highly specific in parasitization of its lepidopteran host, 
often exclusively parasitizing just one or two species (Smith et al., 2008). When the wasp female 
chooses her caterpillar host, she injects her eggs into this host, and the hatching larvae then spend 
most or all of their larval lives inside the body of the caterpillar. In order to overcome the 
physiological demands of this life cycle, the female also injects virus-like particles contained 
within her reproductive system (Whitfield, 2003). These particles are important for host 
specificity, as directly or indirectly they alter the physiology of a specific host, ultimately 
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resulting in suppression or redirection of the endocrine and immune system, allowing wasp larval 
development. These PDV’s (often termed bracoviruses (BV) in braconid wasps) have been 
pinpointed as originating from an ancient endosymbiotic event with an ancestral nudivirus, 75-95 
mya (Bezier et al., 2009). Since then gene duplication, functional redundancy and 
neofunctionalization have resulted in the evolution of a complex PDV genome containing large 
gene families, with each wasp containing a form of the polydnavirus unique to its species. 
Hence, closely related species contain viral strains that are more closely related than those of 
distantly related species (Espagne et al., 2004).   
It is likely that knowledge of close and distant wasp phylogenetic relationships will be 
informative for, or could be used in conjunction with, viral genetic data, to inform us of the 
functional aspects of host relationships; in other words, this knowledge could prove an 
invaluable window into the viral influence on host specificity and vice versa. 
 
Phylogenetic background 
Phylogenetic studies in existence for Microgastrinae groups have seldom been carried out 
in association with sufficient empirical data regarding their natural history to make robust 
conclusions regarding the evolution of host specialization. Thus, little has been published 
concerning within genus relationships, or in particular a number of very large genus’ which 
represent the vast majority of species within the group. These “super-genera” include (but may 
not be limited to): Apanteles, Glyptapanteles, Diolcogaster, Microplitis, Dolichogenidea, 
Hypomicrogaster, Cotesia and Parapanteles. 
The one exception to this pattern applies to a recent study of the genus Apanteles by 
Rodriguez (2009) in which morphological records and multiple barcode data from 128 
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provisional Costa Rican species were amalgamated to resolve the Apanteles phylogeny. 
Overlaying natural history data revealed a striking repeating pattern of entire clades of wasps 
restricted to parasitizing caterpillars from a specific lepidopteran family. Such a pattern of clade- 
limited host utilization could have major ramifications for our understanding of the nature by 
which microgastrinae wasps switch and diversify between hosts.  
The unique feature of this study, which permitted its unprecedented scale and detail, was 
its link to concrete and abundant natural history data; the parasitoids included in this study were 
reared as part of the Area de Guanacaste (ACG) inventory and thus linked to high-quality 
empirical data (see below). Further studies of this nature are required to reveal if these patterns 
are consistent within the other largely unexplored microgastrinae genera, and also determine if 
they hold up across ecosystems and different geographic localities. 
 
The ACG Parasitoid-Caterpillar-Plant Inventory  
Large-scale inventories provide a unique example of a situation in which empirical data 
regarding environmental factors can be robustly catalogued alongside information regarding the 
parasitoid. The 30-year National Science Foundation-funded “Inventory of the Lepidoptera 
larvae and parasitoids of a tropical dry forest, cloud forest and rainforest”, headed by D.H. 
Janzen, is an exceptional model of such an inventory that has gathered high-quality comparative 
data in the ACG, Costa Rica, which is representative of the immense diversity present in the 
Neotropics, the biogeographical region with the greatest global diversity at the species level 
(Myers et al., 2000).  Over more than three decades, the ACG has generated the largest 
caterpillar and parasitoid dataset ever assembled. Although similar rearing surveys have recently 
emerged in Ecuador, elsewhere in Costa Rica and Papua New Guinea, their longevity and scale 
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are not yet comparable to that of the ACG, so relatively little is yet known about multi-trophic 
plant-caterpillar-parasitoid interactions elsewhere in the tropics. Since 1978, the ACG has 
amassed over 400,000 non-leaf mining caterpillar rearing records and established well over 
12,000 unique plant-caterpillar-parasitoid interactions. Detailed information for each rearing has 
also been made freely available on the ACG website: http://janzen.sas.upenn.edu/ (Janzen et al., 
2009). 
In 2003, the ACG inventory incorporated DNA barcoding into the standard array of 
analysis performed on caterpillars and their emergent parasitoids (Janzen et al., 2009). DNA 
barcoding is defined as the use of short standardized lengths of mitochondrial DNA (the standard 
for which has become the cytochrome c oxidase subunit 1 mitochondrial region (COI) in animals 
(Ratnasingham and Hebert, 2007)) to cheaply and efficiently identify morphologically defined 
species and furthermore flush out cryptic species complexes, which are often inseparable using 
only conventional morphological rule (Wolf, 2008; Janzen, 2004; Hebert et al., 2003).  
Barcoding has proved an enormously successful tool since its inclusion in the standard 
array of protocols used to identify the species (or genus) of collected and reared specimens. 
Significantly fewer than 1% of barcoded specimens to date have COI sequence data similar 
enough to render a molecular-based taxonomic identification impossible (Janzen et al., 2009). 
Combining barcoding, morphology and ecological information has exposed hundreds of cryptic 
species complexes, where subtle ecological variation may previously have been overlooked as 
within-species variations. Large numbers of cryptic species have been discovered within the 
more diverse Lepidoptera families such as Hesperiidae, Noctuidae and Geometridae. Two of the 
most dramatic examples include the discovery of 10 species within what was previously believed 
to be a single species of Neotropical skipper butterfly, Astraptes fulgerator (Hebert et al., 2004), 
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and the discovery of 32 species within the microgastrine species complex, Apanteles 
leucostigmus (Smith et al., 2008: Rodriguez, 2009). 
The most profound increases in provisional species numbers exposed by barcoding 
commonly appear to emerge from parasitic taxa with minute individuals, such as parasitic flies 
and wasps which are notoriously difficult to identify morphologically; DNA barcoding has led to 
a 43% increase in the number of recognized tachinid species, increasing from 499 to 716 
provisionally recognized species (Janzen et al., 2009, Smith et al., 2006). Furthermore, it has 
been repeatedly demonstrated that species previously presumed to be generalists are often made 
up of suites of cryptically similar specialist species. As a group composed primarily of specialists 
and far fewer generalists than previously presumed, it has subsequently been necessary for the 
tachinide research community to modify their view of tachinide biology, as well as the means by 
which global diversity and species richness have previously been assessed (Smith et al., 2007).  
Parallel studies to those performed on the Tachinidae have revealed even greater 
increases in species number within the Microgastrinae. In a large-scale barcoding study by Smith 
et al. (2008), 2,597 wasps from 6 microgastrine genera underwent morphological analysis to 
reveal 171 provisional morpho-species. Barcoding, however, revealed an additional 142 species, 
each of which correlated to subtle morphological and/or ecological differences, increasing the 
number of provisionally recognized species by 85%.  In-depth studies of the genera highlighted 
in the study by Smith et al. (2008) have yet to examine the relationships within each genus, or 
how such precise host specificity may have arisen among clades or sister species complexes 
within a genus. Rodriguez (2009) has opened the door to dissecting these remarkable 
interactions, but it has yet to be determined whether such patterns and trends in host specificity 
are consistent across genera. Further studies are required to determine what the implications are 
xiv 
 
of such patterns and trends for our understanding of microgastrine biology and what insights into 
the unique microgastrine-PDV mutualism could be achieved. 
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CHAPTER 1 
 
 
Phylogenetic relationships and host utilization patterns among Costa Rican Cotesia 
(Hymenoptera: Braconidae: Microgastrinae) 
 
ABSTRACT 
Parasitoid wasps play a pivotal role in maintaining the structure and dynamics of complex 
food webs. However, classical species sampling techniques such as malaise, light and yellow pan 
trapping, generally lack information regarding host utilization. Even within the species for which 
host data is available, there are commonly too few accurate records to provide a realistic 
depiction of host breadth. As a result, detailed phylogenetic studies including both realistic 
subsets of species and empirical data regarding parasitoid life history are rare, if not until very 
recently completely absent from the literature. Yet over the past decade, a number of rearing 
inventories in Ecuador, Costa Rica and Papua New Guinea have superseded classical technique, 
providing multiple records collected over many years for every specimen reared, representing a 
unique opportunity to study the evolution of host breadth and specialization across and within 
parasitoid lineages.  
In the present study, using mitochondrial cytochrome oxidase 1 (COI), 28S rRNA and nuclear 
wingless (wgls), long-wavelength Rhodopsin (LwRhod) and Alpha-Spectrin (ASpec), I employed 
Bayesian phylogenetic inference to resolve the phylogenetic relationships between 53 provisional 
Costa Rican species from the genus Cotesia; cumulatively reared > 560 times over a three-year 
period in the Area de Conservación Guanacaste (ACG) Plant-Caterpillar-Parasitoid rearing 
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inventory, Costa Rica. The resultant phylogeny revealed three well supported clades of closely 
related Cotesia species which, like has previously been found within Costa Rican Microgastrinae, 
are largely a specialist parasitoid lineage, each attacking just a few closely related host caterpillar 
species.  Overlaying host family data using lepidopteran Major Clade Assignments (MCs) 
defined by Regier et al. (2009), I found striking niche conservatism within the Cotesia. That is, 
closely related species of parasitoid always appear to attack closely related lepidopteran hosts. 
The possible causes of the host utilization patterns observed are discussed with regard to host 
chemistry, the lepidopteran immune system and future comparative studies of individual 
parasitoid polydnaviruses (PDVs). 
 
KEY WORDS 
Cotesia, Microgastrinae, phylogeny, host utilization, specialist, parasitoid, polydnavirus  
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INTRODUCTION 
The evolution of host specificity within parasitic arthropods has long been the focus of a vast 
amount of research regarding the dynamics and stability of complex ecosystems (Anderson and 
May 1978; Secord and Kareiva 1996; Novotny and Basset 2005). However, the nature of 
specialization is not well understood, and most discussions of this topic tend to focus on the 
trade-offs between the efficiency gained in resource use by specialists versus the benefits of using 
several resources as food by generalists (Bernays and Graham 1988; Strand and Obrycki 1996; 
Bernays 2001; Henry et al., 2008). While a generalist is considered to stabilize food webs and 
perhaps is itself more stable at the level of population, a specialist is thought to increase 
compartmentalization within a food web, decreasing connectivity and possibly stability within a 
community (Novotny and Basset 2005).  
The life histories of parasitoids are intimately tied to those of their hosts, and thus the host 
ranges of parasitoids are considered likely to be more specialized than those of predators (Price 
1980); as a consequence, the host range and specificity of parasitoids are particularly important 
for the understanding of stability and connectance across trophic levels. Yet detailed empirical 
studies within parasitoid lineages have constantly been hindered by the fact that, in order to make 
inferences about host range, accurate and thorough phylogenetic, physiological and ecological 
knowledge is required (Strand and Obrycki 1996), all of which are rarely broadly available for 
host-parasitoid systems. 
As studies of insect diversity have traditionally been reliant on insect distribution data, 
obtained by canopy fogging, light and Malaise trapping and other mass collecting methods 
(Basset 2001), distribution records for those parasitoid species which have been described 
generally lack relevant life history data. Over the past decade, these approaches have been 
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superseded by a number of rearing surveys in Ecuador, Costa Rica and Papua New Guinea, 
which rely on in-situ observation, experimental veriﬁcation of insect feeding, and insect rearing 
to construct high-quality empirical datasets. By far the largest of these surveys is the 30 year 
inventory of wild-caught caterpillars and reared parasitoids in the Area de Conservación 
Guanacaste (ACG), Costa Rica (reviewed by Janzen et al., 2009). The magnitude of ecological 
data, combined with DNA barcoding (COI is applied as standard in animals (Hebert et al., 
2003)), both of which aid species identification, mean that to date this is the only database 
suitable to produce multiple in-depth phylogenies of cryptic parasitoid groups, which integrate 
morphological, genetic and natural history data (http://janzen.sas.upenn.edu/) (Smith et al., 2006; 
Smith et al., 2007; Smith et al., 2008; Janzen et al., 2009). Rearing inventories such as these 
provide the most effective way to target key parasitoid groups for the study of diversification 
across trophic levels and the evolution of host specialization within a parasitoid group. 
Hymenopteran parasitoids may represent upwards of 20% of the world’s species (La Salle 
and Gauld 1992), yet until recently most of the large hymenopteran groups have been relatively 
poorly studied at generic and even family level. A number of phylogenies have elucidated 
relationships within the hyperdiverse subfamily Microgastrinae (Braconidae: Hymenoptera) 
(Mardulyn and Whitfield, 1999; Whitfield et al. 2002; Banks and Whitfield, 2006; Murphy et al., 
2008), but large phylogenetic studies at the generic level have seldom been linked to adequate 
sources of empirical natural history data, due to the large amounts of time and expertise involved 
in obtaining such data. 
In the present study, I used 564 specimens from the ACG database that were determined 
as 53 provisional species of the genus Cotesia (Braconidae: Microgastrinae: Hymenoptera) 
(Smith et al. 2008) to present a multi-gene molecular phylogeny, including in-depth life history 
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information, which is rarely available in a host-parasitoid system. I anticipate that the close 
relationships among Cotesia taxa sampled from a geographically limited but taxonomically 
hyperdiverse area will make it feasible to examine the evolution of host range and specificity 
within a coherent lineage. My objectives were to: One, address the question of clade 
conservatism within Cotesia: do closely related species attack closely related hosts? Two: study 
patterns of host specialization within the group to determine if similar patterns can be 
documented in the Cotesia as have been found in much of the Microgastrinae, that is, are Cotesia 
highly specialist parasitoids (Smith et al., 2008). If generalists are found within the Cotesia, I set 
out to determine their emergence pattern within the phylogeny. Inclusion of a few well-chosen 
economically important species (Salzat and Whitfield 2004) could also reveal whether the 
relationships and emergent host ranges within Costa Rican Cotesia are consistent across the 
globe. 
 
The Study System - Cotesia 
The parasitoid wasp genus Cotesia Cameron 1891 is one of the most speciose, ubiquitous 
and difficult to identify within the Microgastrinae (Hymenoptera: Braconidae) (Nixon 1974; 
Mason 1981; Whitfield 1995; Whitfield 1997). With well over 400 species described out of an 
estimated 1500-2000 worldwide, the genus is not only large, but the suppressive nature of the 
host-parasitoid relationship, in which the parasitoid inevitably kills and often consumes its host, 
has profound effects on the population dynamics of their prey. As koinobiont endoparasitoids 
(parasitoids whose hosts continue to grow after parasitization), many species of Cotesia are 
effective natural regulators of populations of larval Lepidoptera, which are dominant herbivores 
in many terrestrial ecosystems (Janzen 1988; Huntly 1991). Lymantria dispar (the gypsy moth, 
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Lymantriidae), Manduca sexta (the tobacco hornworm, Sphingidae), Pieris rapae (the 
cabbageworm, Pieridae) and Helicoverpa zea (the corn earworm, Noctuidae) are just a few 
common pests that are naturally parasitized by various Cotesia species. Consequently, many 
species from the genus have been successfully and repeatedly introduced for the biological 
control of conspicuous lepidopteran pests throughout the world. Yet the importance of Cotesia is 
not limited to agricultural systems; several species are extensively utilized as model organisms 
for understanding host-parasitoid interactions (C. congregata), immunology (C. plutellae), 
evolution of mating systems and parasitoid sex determination (C. glomerata, C. vestalis) (Strand 
1995; De Boer et al., 2007; Gu and Dorn 2003). This genus is therefore of notable importance in 
terms of applications within both the basic and applied sciences.  
In spite of the evident economic and scientific relevance of Cotesia, little is known 
regarding phylogenetic relationships of its species. At the subfamily level, several phylogenies 
have included the group, incorporating morphological, molecular or a combination of the two 
data types (Mardulyn & Whitfield, 1999; Whitfield et al., 2002; Banks and Whitfield 2006; 
Murphy et al., 2008). None of these studies have focused exclusively on Cotesia, and, even when 
the genus has been included at the subfamily level, an unambiguous resolution of its relationships 
to other groups has proven difficult to achieve. For instance, the relationship of Cotesia to its 
likely sister genera, Glyptapanteles and Protapanteles, remains elusive (Whitfield et al., 2002). A 
handful of systematic phylogenetic studies have focused solely on Cotesia: A discrete study has 
been published on the Cotesia flavipes species complex (Smith and Kambhampati, 1999), a 
complex of three species (subsequently recognized to be broader) which is noteworthy due to 
their numerous applications in the biocontrol of graminaceous stem borers. A second study, 
limited to species attacking the butterfly subfamily Melitaeinae (Lepidoptera: Nymphalidae) 
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(Kankare and Shaw, 2004), found generic level evidence for clade-specific host utilization and 
discovered a number of previously unrecognized cryptic species. The study was, however, 
limited to the seven species attacking Melitaeinae. Finally, a broader study by Salzat and 
Whitfield (2004) used DNA sequence data to estimate preliminary phylogenetic relationships of 
26 species within Cotesia. The study delineated four well-supported clades, which corresponded 
poorly to previously described subgroups informally inferred from morphological data. By 
necessity, all specimens included by Salzat and Whitfield (2004) were from described and well-
studied Cotesia species of economic significance and known host affinity; as these wasps were 
not chosen on the basis of their hypothesized relationships to one another, they represent a 
random assemblage from across the world, comprising neither a sufficient number nor a 
phylogenetically appropriate cross-section of species to allow the construction of a well- 
structured Cotesia phylogeny. Despite the obvious disproportionate focus of these studies on 
model, agriculturally important, or ecologically narrowly defined clades of Cotesia species, 
collectively, they have provided a good framework for additional research on the phylogenetic 
and ecological relationships among the group. Future analyses should not only include more taxa, 
but should also integrate data on species life history and ecological correlates. 
 
Species Selection  
Representatives of each provisional Cotesia species were chosen on the basis that they 
have been collected frequently from the Area de Conservación Guanacaste (ACG) and have 
multiple representatives in the ACG database. All specimens of provisional species are currently 
named using the alphanumeric provisional barcode/morpho species numbering system 
implemented by the ACG inventory (Janzen et al., 2009). For example, the wasp “Cotesia-
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Whitfield03” (abbreviated CW-03) has been identified as the genus Cotesia (Braconidae: 
Microgastrinae) provisional species 03 as recognized by J.B Whitfield; the provisional nature of 
each species name is reflected by the non-italicized “Whitfield##” portion of the name. Each 
specimen’s provisional species was confirmed using a combination of genetic, life history and 
morphological characteristics. Identifications were further confirmed using the family, genus and 
often the species of their host caterpillar as well as the family and genus of plant from which the 
caterpillar was collected (Appendix B and C). A neighbor-joining (N-J) tree including COI 
sequence data from all available rearings was produced to further confirm the validity of each 
species (Fig 1A).  
The genus Cotesia was selected for this study as, although it is likely that I will find 
evidence of an ancient rapid radiation which may render it impossible to decipher the backbone 
of the tree (Banks and Whitfield 2006; Whitfield and Lockhart 2007; Salzat and Whitfield 2004), 
I anticipate that the diversity, yet manageable size and thorough sampling of the Costa Rican 
fauna will enable us to identify a number of interesting relationships within the genus. For 
example, we intended to pinpoint closely related groups of recently diverged sister species which 
are well resolved at the tips of the tree, as well as groups of species which are relatively distantly 
related.  Such relationships are interesting not only in terms of their immediate ecological 
implication, but will also be vital for comparative studies of the parasitoid wasp – polydnavirus 
(PDV) mutualism (Bezier et al., 2009). 
 
Comparative phylogenies using polydnavirus (PDV) genomes   
The sequencing of PDV genomes from parasitoid wasp species including Cotesia 
congregata , Microplitis demolitor and Campoletis sonorensis (two bracoviruses and an  
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ichnovirus, respectively) (Espagne et al., 2004; Bruce at al., 2006) and subsequent development 
of molecular methods to obtain adequate quantities of viral DNA (on average, a female wasp 
contains just 40-100 ng viral-DNA (Lapointe et al., 2007; Web et al.,2006)) to perform next 
generation sequencing techniques at a reasonable cost per species (M. Strand, Athens, Georgia. 
Collaborator, Pers Comm.), mean that it will soon be feasible to perform comparative 
phylogenetic analyses across multiple PDV strains (more specifically, bracovirus (BV)) within 
targeted microgastrine lineages. Alongside morphology, ecology and DNA sequence data, it will 
be possible to employ PDV genomic data as an additional suite of characters for phylogenetic 
analyses. Due to the rapid diversification of microgastrine wasps, pinpointed to have occurred 
within just a few million years of the acquisition of PDVs, to date, the backbone of the 
microgastrine phylogeny has proven nearly impossible to resolve (Mardulyn and Whitfield 1999; 
Banks and Whitfield 2006; Whitfield and Lockhart 2007; Murphy et al., 2008).  PDV genomic 
data could be the “missing link” capable of providing the additional resolution and support 
needed to unambiguously resolve relationships within the hyper-diverse subfamily 
Microgastrinae. More specifically, this phylogeny of well sampled and geographically distinct 
Cotesia species will serve as a backbone against which to analyze corresponding PDV genomic 
data and gain insight into PDV parasitoid coevolution at the generic level (Bezier et al., 2009).  
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MATERIALS AND METHODS 
Study Specimens 
For this study, 354 individual Cotesia specimens were reared from wild-caught 
caterpillars between 2005 and 2008 by the ACG inventory of wild-caught caterpillars and reared 
parasitoids (north western Costa Rica), stored in 100% ethanol and sent to James B. Whitfield 
(University of Illinois at Urbana-Champaign), for storage at 4° C until genomic DNA could be 
extracted.  Specimens were identified to genus and provisional morpho-species by JBW using 
morphology and often host data; initial identifications are available in Smith et al. (2008). 
Each Cotesia rearing (hereafter referred to as a single specimen) and the sequences 
obtained from each specimen are listed in Table 1 and GenBank accessions numbers for each of 
the genes in Table 2. In nearly all cases, each specimen was highly gregarious, so an entire wasp 
was macerated with a mini-pestle. In one case (CW-37) there were only a few wasps available 
from a single rearing, so only a single leg was macerated and the body preserved. DNA 
extraction was carried out using DNeasy tissue extraction kits (Qiagen, USA). 
 
Gene selection 
The mitochondrial gene cytochrome c oxidase I (COI) and the nuclear ribosomal large 
subunit 28S (including D2 and D3 expansion loops) were chosen for use in the present study due 
to their broad use among various insect groups, general ease of amplification across taxa, 
resolution across phylogenetic levels and their inclusion in the original phylogeny of the 
Microgastrinae completed by Mardulyn et al. (1999) and the publication of COI data, and 
sequencing of 28S for all available Cotesia species collected by the ACG inventory (Smith et al., 
2008; Alex Smith, unpublished data). 
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COI has been adopted as the standard Barcode of Life for animal systematics (BOLD, 
http://www.boldsystems.org/views/login.php (Ratnasingham and Hebert 2007)) and is thus used 
universally to determine species and carry out comparative phylogenetic work. As a standard all 
specimens collected by the ACG project are COI barcoded (Janzen et al., 2009), contributing to 
the suite of traits used to identify each collected or reared specimen. Moreover, COI has been 
used extensively for parasitoid species delineation; within the Microgastrinae it has achieved a 
high level of success in deciphering species relationships as well as more distant relationships 
across a subfamily (Mardulyn et al., 1999; Whitfield et al., 2002; Banks and Whitfield 2006; 
Smith et al, 2008). COI may, however, fail at higher levels, such as in the estimation of 
divergence time between distantly related lineages (Whitfield et al., 2002). The rRNA gene 28S 
provided a robust signal at intermediate and moderately deep levels within the Microgastrinae 
and has proven fairly useful at the species level within a subfamily (Banks and Whitfield 2006). 
The nuclear gene wingless (wgls) is a member of the conserved wnt family, a signaling 
molecule that establishes segment polarity during embryonic development (Siegfried and 
Perrimon, 1994). The gene has been used extensively for phylogenetic inference across various 
groups of insects (Brower and DeSalle, 1998; Danforth et al., 2004; Murphy et al., 2008). Wgls is 
less variable than mtDNA genes, yet more variable than many nuclear protein-coding genes used 
in previous studies of the Microgastrinae and is frequently applied to deciphering generic 
relationships within the Lepidoptera (Brower and De Salle, 1998; Wilson, 2009). It has also 
proven useful at the generic rather than higher hierarchical levels within some groups of the 
Microgastrinae (Banks and Whitfield 2006), and thus was included in this study.  
Long-wavelength Rhodopsin (LwRho) has previously been successfully applied to 
deciphering the relationships among corbiculate bees and has been shown by several studies to be 
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promising for elucidating both higher level and intra-family phylogenetic relationships 
(Mardulyn and Cameron 1999, Cameron and Mardulyn 2003). LwRho was included in this study 
due to the successful adaptation of its primers for use within the Cotesia by Salzat and Whitfield, 
(2004) and high level of resolution it provided in a recent microgastrinae phylogeny (Banks et al., 
2006). 
Alpha-spectrin (ASpec), a gene encoding one of two subunits of the spectrin protein, a key 
component of the eukaryotic cytoskeleton (Broderick and Winder, 2002), has not previously been 
used for phylogenetic analysis within the Microgastrinae. Nor is it a widely applied gene in insect 
phylogenetics in general. Protocols were developed to amplify the gene in arthropods by Regier 
(2008) and subsequently in a study assessing the phylogenetic utility of a number of novel genes 
for coleopteran phylogenetics; Wild and Maddison (2008), developed protocols to amplify the 
gene in beetles and it was considered to be one of the most useful for recovering basal 
relationships across all deep clades in the coleopteran tree of life. In later work a subset of the 
primer combinations used for nested PCR in beetles successfully amplified alpha spectrin in 
Heterospilus (Hymenoptera: Braconidae), revealing similar results to those found in beetles (A. 
Wild, per comm.). Although, difficulties were anticipated due to the repeating helical structure of 
the gene and a high likelihood of introns, we attempted to optimize this gene for use within the 
Microgastrinae. 
 
PCR Protocols  
Polymerase chain reactions (PCR) protocols were carried out using an Eppendorf Gradient 
Mastercycler
®
 thermal cycler.  All PCR reactions were carried out using the Takara Ex Taq DNA 
polymerase kit (Takara, USA). PCR reactions for cytochrome oxidase 1 (COI), 28S and wgls 
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were carried out in 25 µl reaction volumes consisting of 15.78µl dH
2
O, 2.5 µl Takara buffer, 1.8 
µl of each primer (10 μM), 2 µl of dNTPs (10 μM), 0.125 µl of Taq and 1 µl of DNA. Due to 
lower product yield, reagent volumes for ASpec and LwRho PCR reaction volumes were doubled 
to 50 µl. The thermocycling program comprised a single denaturation cycle of 2 minutes at 94°, 
followed by 35 cycles of 30 seconds at 94°, 60 seconds at 45-59° and 60 – 90 seconds at 72°, and 
a final extension step of 180 seconds. Primer sequences and specific annealing temperature are 
listed in Fig 1. A negative control was included in each round of amplification that contained 
dH2O instead of DNA. PCR products were purified using QIAquick PCR purification kits 
(Qiagen, USA) and sequencing was carried out on an ABI 3730 capillary sequencer (Applied 
Biosystems™, USA). 
 
Alignment and editing 
Sequences were assembled in BioEdit (Hall 1999) and aligned using the Mesquite 2.74 
Opal plug-in (Wheeler et al., 2007). All alignments were checked and corrected by eye. 
Alignment of COI and wgls were not complicated as there were no insertions or deletions. Due to 
the variability of specific localities of the ASpec and 28S amplicons, considerable by-eye 
correction was required throughout each gene. Alignment of LwRho was more complicated due 
to the presence of multiple introns of variable length in the middle of the barcode region 
(Mardulyn and Cameron 1999; Murphy et al., 2008). So as to determine the position of introns, 
LwRho sequences were hand-aligned against corresponding sequences from the three outgroups 
used in this study: Apanteles nephoptericis, Microplitis demolitor and Glyptapanteles 
porthetriae, for which sequences were available from the most recent phylogeny of the 
Microgastrinae (Murphy et al., 2008). Outgroups were chosen from this phylogeny to represent 
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taxa of varying relationships to Cotesia: Cotesia’s sister genus (Glyptapanteles), a closely related 
genus in a separate clade (Apanteles) and a microgastrine of more distant relationship 
(Microplitis). Sequences were aligned around the intron region, which was identified from 
position 190-487 of the initial alignment. The taxa were broadly divisible into two groups; the 
majority of the taxa (31) possess a relatively short intron less than 100 bp in length, while the 
remaining 12 taxa possess a very long intron of 250-300 bp. The intron region was included in all 
cases, as it was well aligned across the taxa and sensitivity testing including and excluding the 
intron showed it to be phylogenetically useful.  
 
Distance Estimation and Neighbor-Joining Trees 
In order to identify variable regions within closely related groups, each provisional 
species and closely related species, COI differences were estimated for all 564 taxa using 
distance matrices in MEGA 5.03 (Tamura et al., 2011). All sequences missing more than 200 bp 
from the 648 bp COI barcode region were excluded from neighbor-joining (N-J) estimations, 
which were carried out using the Mesquite 2.74 NINJA plug-in (Wheeler 2009), using Kimura-2-
Parameter (K2P) algorithms and the “exclude ambiguous sequence data” option.  
 
Bayesian Phylogenetic Estimation 
MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001, Ronquist and Huelsenbeck, 2003) was 
used to generate estimates of the present Cotesia phylogeny. FindModel 
(http://www.hiv.lanl.gov/content/sequence/findmodel/findmodel.html) was used to analyze the alignment of 
each gene to determine which phylogenetic model best described the data (Toa et al., 2011; 
Posada and Crandall, 2001). The models selected and implemented for each gene partition in 
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Bayesian analyses are shown in Table 3. I used a mixed model approach with five partitions 
corresponding to the five gene regions. The models used for the genes were general time 
reversible (Tavaré, 1986), plus a proportion of invariant sites and gamma-distribution rate 
variation across site (GTR+I+ Γ) (Rodriguez et al., 1990 and Yang et al., 1994). MrBayes 
estimated the model parameters from the data using one cold and three heated Markov chains. 
The Markov Chain Monte Carlo (MCMC) length was 100,000,000 generations and the chain was 
sampled every 1000 generations. The first 25% of samples were discarded as burn-in (25,000 
trees) and thus the 50% majority rule consensus tree and posterior probabilities were estimated 
from the consensus of the last 75,000 sampled trees. The final standard deviation of split 
frequencies was 0.002529 and the “compare” setting of AWTY 
(http://king2.scs.fsu.edu/CEBProjects/awty/awty_start.php, Wilgenbusch et al., 2004) was used to confirm 
the convergence of MCMC runs using the two .tree files produced by the MrBayes (Appendix A-
Fig10). 
 
Bayes-Factor Incongruence Test 
Bayesian methods do not only provide use with the means to estimate posterior probabilities for 
trees and parameters within a model. Bayesian statistical techniques can also be used to evaluate 
the model of character evolution itself. In short Bayes-Factors (BFs) are the Bayesian analogue of 
the likelihood ratio test (Kass and Raftery, 1995), and can thus be used to measure the strength of 
evidence in favor of one competing phylogeny (model 1) over another (model 2), given the data 
(constraints or model of nucleotide substitution). BFs can thus be used to make comparisons 
between alternative phylogenetic models (Hulsenbeck and Imennoy, 2002). 
16 
 
Here, model likelihoods were calculated indirectly by comparing the log-e value of harmonics 
means obtained from the output of two MCMC runs, ran using the same data but differing 
constraints (see Appendix A for full details) (Nylander et al., 2004). In the present study this 
method was used to explore relationships within any taxa which appeared to cause incongruence 
in the final phylogeny. Taxa were investigated if: One, their placement between preliminary 
unconstrained analyses of single or combinations of genes were not consistent, such as if a 
species is placed in differing Major Clades (explained in the results). Two, the taxa appeared to 
be unusual in any other way, such as a life history trait not matching the trend seen across the rest 
of the phylogeny. Any taxa meeting one or more of these criteria were explored using the 
“constraints” command in MrBayes, to force it’s exclusion from its clade in the unconstrained 
final phylogeny (Fig 4). The method outlined by Kass and Raftery (1995) was implemented to 
determine whether the constrained or unconstrained analyses produced a tree with greater support 
for the model (Appendix A).  
 
 
Tree Visualization 
Mesquite 2.74 (Maddison and Maddison, 2010) was used to visualize consensus trees 
produced by Bayesian analysis. The program was used to edit taxon names, add information at 
branch tips and add additional matrices (such as species specialization, host or plant family). Host 
family and specialization data were overlaid and ancestral states estimated by charting character 
history onto the tree using maximum parsimony reconstruction in Mesquite. The patterns 
obtained were mapped onto the tree and further tree manipulations carried out in FigTree (Vlad et 
al., 2008). Coloring branches according to the family parasitized by each Cotesia species showed 
a somewhat dispersed pattern of host family specificity among wasps which attack particular 
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families of caterpillar (Fig 2 and 3), while doing the same using Major Clade Assignments 
designed by Regier et al., (2009) exposed a striking pattern of major clade specificity among 
closely related Cotesia species (Fig 4). Finally, highlighting generalist species (which attack 
many caterpillar species or multiple genera) revealed a distinctive tendency for species attacking 
specific lepidopteran families in specific families to exhibit a more generalist lifestyle (Fig 5).  
 
RESULTS 
Species delineation using barcoding and life history data 
N-J (K2P) analysis showed that each of the predefined species clustered together in a 
single clade, or a discretely defined cluster within a single clade (Fig 1A).  Only CW-20, one of 
the more abundant species, was interrupted by a discrete clade of CW-79, all samples of which 
lie on a single proportionally longer branch, within the larger CW-20 radiation. CW-20 and CW-
79 were previously highlighted by Smith et al. (2008) within the CW-20-77-78-79 radiation for 
having near identical COI sequences, and parasitization of the same two species of host, which 
feed on similar host plants. Nevertheless, small standardized differences in base composition in 
both the COI and 28S sequences consistently separate these two species; compared with CW-20, 
all CW-79 specimens contain two synonymous substitutions from T to C at the third coding 
position of their COI sequence. Combined with the previously defined morphological separations 
and the distinctive preference of CW-20 to parasitize Opsiphanes quiteria (Nymphalidae) vs. 
CW-79’s preference for O. cassina (Fig 2A), I am confident that these two provisional species 
are at the very least distinct radiations within a species complex, if not recently diverged sister 
species. Further molecular work, including three additional nuclear genes, has confirmed a 
distinct separation between CW-20 and CW-79 (Appendix A-Fig 1-5 and Fig 3).  
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CW-01 and CW-02 are two provisional species that deserve special attention, as although 
they do form two distinct clusters, they occupy the same clade (Fig 1A). The extremely close 
relationship of these taxa means that barcoding alone could not have separated them as distinct 
species; CW-02 has only a single non-synonymous substitution at the second coding position 
(site 323 bp downstream), resulting in an amino acid change from tyrosine (CW-01: TAT) to 
cytosine (CW-02: TGT). The two groups contain a further small but consistent difference in their 
28S sequences which was discussed in detail by Smith et al. (2008), but further characterization 
of molecular sequences, including three nuclear genes, have largely failed to find distinct 
differences between them. Nonetheless, when barcoding data are considered in tandem with 
morphological divisions and the distinct ecologies of these two groups, it is apparent that they 
have distinct life histories; CW-01 primarily parasitizes Anaea aidea, secondarily parasitizing 
Memphis forreri DHJ04 (two closely related species of Nymphalidae), while CW-02 exclusively 
parasitizes Dyscophellus Burns01 (Hesperiidae). Due to the relatively close relationship between 
these two lepidopteran families (see later discussion), and the ecology of their caterpillars, which 
feed on the same species of plant and have relatively similar group feeding behaviors, this pattern 
may reflect a recent jump of CW-01 from an ancestral Hesperiidae to a few novel Nymphalidae 
host species, with potentially similar host chemistries (see Fig 1B, and Fig 3 for ancestral state 
inference). Thus, despite their extremely shallow genetic divergence, congruence between 
multiple data types exposes CW-01 and CW-02 as two closely related but distinct species.  
With the exception of CW-05, every specimen barcoded within each Cotesia species 
parasitized a caterpillar from a single lepidopteran family (Fig 1B). During the 3-year collection 
period of this study, most of these species were reared more than 10 (but often greater than 50) 
times and all of had been reared numerous times throughout the 30-year course of the ACG 
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project. Only CW-05 was found to have a wider host breadth, with three of the four specimens 
currently available having been reared from one species of Sematuridae and a single specimen 
from a species in the Arctiidae. (The family Arctiidae were recently revised as the Arctiinae 
(Noctuidae) (Lafontaine and Fibiger, 2006), but recent lepidopteran phylogenies continue to treat 
the group as a family (Mutanen et al., 2010; Regier et al., 2009), and thus I also use the higher 
classification.) This pattern suggests that the current provisional species classification of CW-05 
may include cryptic species, undetectable using COI alone. Smith et al. (2008) found no variation 
within the 28S or ITS regions suggesting a species split and thus treated CW-05 as a single 
species. Considering that to date our Cotesia records contain 564 reared specimens (Appendix B 
and C), this anomaly could be the result of a single ovipositional error by a female wasp (a 
chance event), or even a misidentification of the Arctiidae species: sample 05-SRNP-4304 has 
only been collected once and no pictures are available to reconfirm the original identification. It 
is clear that more collections of this provisional species are required to determine if its 
classification as a single species is valid. Thus, for the purposes of the present study, a single 
Sematuridae-attacking specimen was chosen to represent CW-05 within a multi-gene phylogeny. 
In all cases, the use of genetic (COI barcode) data alongside host caterpillar information 
resulted in confident species delineations, with only one of the 53 provisional species requiring 
more data or further collections to properly determine if the current provisional species is a single 
or multiple cryptic species.    
 
Sequences data, alignment and phylogenetic utility 
The COI dataset comprised 645 easily aligned sites, 17.7% of which were parsimoniously 
informative. Here, COI provides confident species delimitations, separating nearly all taxa on 
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relatively long branches (Fig 1A). The utility of COI as a barcode to delineate species is 
somewhat controversial in the literature (Rubinoff et al., 2006; Whitworth et al., 2007). The 
present study combines the COI region with data from a number of other genes of 
complementary phylogenetic utility in order to resolve the Cotesia phylogeny, which does not fit 
the classical definition of barcoding. Upon running the multi-gene phylogenetic analysis without 
COI, I found a large polytomy within Clade 1, which was previously well resolved (Appendix A-
Fig 6-7, see below for clade definitions). Furthermore, there were a number of very short branch 
lengths between closely related species pairs, which are well separated when COI is included in 
the analysis.  
The 28S dataset contained numerous small insertions/deletions and segments of relatively 
higher variability. After alignment and removal of ambiguous regions, the final 28S dataset 
comprised 557 sites, 3.6% of which were parsimoniously informative. The 28S region performs 
extremely poorly at resolving relationships within the Cotesia. Bayesian analysis of the gene did 
not result in the resolution of any distinct clades, and none of the clades resolved are well 
supported (Appendix A-fig 2). The low phylogenetic utility of the gene is reflected by the low 
level of parsimoniously informative sites within the ingroup and, furthermore, inclusion of close 
outgroups does not substantially raise the number of informative sites (Table 3).  It may be 
possible to maximize the utility of 28S by aligning it to secondary structure of the protein, but 
this is a tedious process, unlikely to result in more than a small increase in phylogenetic 
resolution provided by the gene. Despite the extensive use of 28S across hymenopteran and 
within microgastrine systematics, I do not deem it a useful gene for deciphering relationships 
within this genus. The use of 28S in future phylogenies within the microgastrine genera should be 
tentatively considered, and even omitted in favor of testing a new or less widely used loci. 
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The wingless (wgls) dataset comprised 445 easily aligned sites, 1.8% of which were 
parsimoniously informative. The Wg550F/WgAbrZ primer set targets a roughly 450 bp fragment 
commonly used for phylogenetic inference (Wild and Maddison, 2008), but the primer set is 
different from that used in previous phylogenies of the Microgastrinae (Murphy et al., 2008; 
Banks and Whitfield, 2006). The novel primer set was chosen due to the relatively high level of 
amplification and low incidence of paralogs obtained during testing. About 5% of amplifications 
using these primers resulted in a shorter paralog sequence, a phenomenon noted across insect 
groups (Danforth et al., 2004; Wild and Maddison, 2008) but easily visualized in 1.5% aragose 
gel. When this phenomenon occurred, PCR was repeated at 1-3° higher annealing temperature to 
obtain the target sequence. Wgls sequences for all taxa were obtained without major difficulty. 
Wgls performs very poorly at resolving relationships across Cotesia species (Appendix A-Fig 3), 
as is reflected by the extremely low level of parsimoniously informative sites for the gene. 
Including the outgroups, the number of informative characters in wgls jumps dramatically from 
1.8% to 9.4%, reflecting the much higher utility of wgls in higher level phylogenies of the 
Microgastrinae (Table 3) (Banks and Whitfield, 2006). Wgls is therefore not an effective gene for 
deciphering relationships within such a closely related microgastrine genus. Its inclusion is, 
however, valuable in terms of future comparative work across genera. Wgls could be included to 
increase overlap between the sequence regions used, thus increasing the ease and feasibility of 
comparative studies.     
The Long-wavelength Rhodopsin (LwRho) dataset was 725 bp, 6.8% of which are 
parsimoniously informative. LwRho performed well at resolving relationships across Cotesia 
(Appendix A-fig 4), placing all taxa within the correct major clade assignment (based on 
combined data) and only failing to resolve a few backbone and terminal relationships. As has 
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been previously found across and within microgastrine genera, LwRho was phylogenetically 
informative at both a higher and intermediate phylogenetic level (Banks and Whitfield, 2006; 
Salzat and Whitfield, 2004). 
The Alpha-Spectrin (ASpec) dataset consisted of 713 easily aligned sites, 11.9% of which 
are parsimoniously informative. Although it was anticipated that there could be multiple introns, 
(Wild and Maddison, (2008) previously found up to 4 introns within the ASpec coding region), I 
did not detect any introns, insertions, deletions or paralog ASpec amplifications. The gene is 
highly variable throughout, containing a number of synonymous and non-synonymous 
substitutions at the first, second and third coding position. Successful amplification of ASpec was 
erratic; complete failure or extremely low levels of amplification were common, and the optimal 
annealing temperature appears to vary between taxa, making it consistently the most difficult 
gene to amplify. Despite these difficulties, ASpec performed extremely well at resolving 
relationships across Cotesia (Appendix A-fig 5); based on the combined data, it places all taxa 
within the correct/non-conflicting major clades, and successfully resolves basal and intermediate 
relationships within the phylogeny, which are typically problematic, due to an ancient rapid 
radiation within the Microgastrinae (Mardulyn and Whitfield, 1999; Whitfield and Kjer 2008). 
The gene was, however, poor at resolving terminal relationships, leaving many unresolved.  
ASpec has not previously been used with the Microgastrinae, nor any other published 
hymenopteran study of which I am aware (although it is presently being used to recover 
relationships within the extremely diverse genus, Heterospilus (Hymenoptera: Braconidae) (A. 
Wild, per comm.). Due to the gene’s apparent ability to recover problematic basal relationships, it 
has proven to be an extremely valuable addition to the standard suite of genes used to determine 
the relationships of the Microgastrinae at the species, generic and perhaps even family level. 
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Further testing is required to verify whether it is possible to obtain ASpec within other genera of 
the Microgastrinae, as well as determine its phylogenetic utility at higher levels.    
 
Combined Phylogenetic Analysis 
When analyzed separately, each gene produced a tree of varying phylogenetic utility and 
between the datasets no major incongruences were observed between clades or individual taxa 
(Appendix A-fig 1-7). Upon combining datasets in varying combinations and sensitivity testing 
(Bayesian analyses of 5–10,000,000 mixed model generations), we determined that a combined 
analysis was additive in resolution and support. The final combined dataset was 3085 bp, with 
9% of sites phylogenetically informative (Table 3). 
As expected with the limited outgroups used, all analyses supported monophyly of the 
genus (pp: 1.0). I recognize three clades, separated by long branches and high support (Fig 3). 
Clade 1 branches off from Clade 2 and 3 at the very base of the ingroup within the rooted tree (pp 
0.96) and is the largest of the clades, containing 20 of the 45 Cotesia species in the tree. CW-30 
appears to have diverged from the base of this clade. Clades 2 and 3 are two well separated 
groups (pp 0.99), Clade 2 containing 10 species and Clade 3 with 15. Only CW-23 does not lie 
within these three major clades, diverging basally to Clades 2 and 3 combined. 
Overall, the quality of the phylogeny is high, with nearly all clades well resolved with 
high support. Clade 1 contains two terminal polytomies regarding the relationships of individual 
species, while Clade 3 contains two polytomies at an intermediate level, regarding the 
relationship of groups of sister species to one another. The source of the polytomies in Clade 3 
are subsequently discussed and a resolved topology inferred in fig 6. Nonetheless, it is likely that 
inclusion of another gene, useful at the level of species distinction, but not as rapidly evolving as 
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COI, would be a valuable addition to the suite of genes employed in differentiation of closely 
related species within a genus. 
 
Constrained Phylogenetic Analysis 
All genes were largely congruent in topology, so only one species met the criteria outlined in the 
methods to be considered anomalous. In most analyses, CW-05 was in Clade 3, but in the wgls 
analysis CW-05 was placed in Clade 1/2 (Appendix A-Fig 3) and in the four-gene analysis 
(which excluded COI) the topology of all taxa other than CW-05 were reasonably consistent (Fig 
4, Appendix A-Fig 6). The apparent instability of CW-05 within the phylogeny, the fact that it 
was the only species observed to attack a family within a different lepidopteran major clade to its 
closest relatives and the fact that it is in the only clade to contain a sizeable polytomy, all suggest 
that this species could be the source of some incongruence within the final phylogeny. The 
placement of CW-05 was examined by constraining it to lie outside of Clade 3 and the likelihood 
of the resultant tree compared to that of the final five-gene phylogeny using Bayes-factors 
(Appendix A-SI 3). The likelihood of the constrained phylogeny differed from that of the 
unconstrained phylogeny by a ratio of just 1.006 (Appendix A-SI 4), which equates to a “barely 
worth mentioning” difference in tree likelihoods (Kass and Raftery, 1995). The topology of 
Clade 3 in the constrained tree is fully resolved and has slightly higher pp support (Fig 6), 
however this does not show that either tree is more likely or has a better topology. What it shows 
is that placement of CW-05 is the most likely cause of topological discrepancies within this clade 
of the final phylogeny. 
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DISCUSSION 
Previous phylogenies including multiple members of microgastrine genera have hinted at 
a pattern of high host specificity within species and a high degree of host conservatism among 
closely related species (Smith et al., 2008). In this context host conservatism or clade-limited host 
utilization (CLHU) refers to closely related parasitoid species in a single clade, which display a 
strong tendency to attack closely related hosts, such as caterpillars within the same family or 
genus.  
To date, studies of the Microgastrinae at the generic level have been either too small or 
lacked sufficient natural history data to provide robust evidence of CLHU. The only exception to 
this of which I am aware applies to a recent large-scale phylogeny of the genus Apanteles by 
Rodriguez (2009), which revealed an unmistakable pattern of large clades of closely related 
Apanteles species, each specializing on one or two species, all from the same lepidopteran family. 
The phylogeny consisted of three large macro-lepidopteran clades, two specializing on 
Hesperiidae, one on Riodinidae (38, 17 and 7 species) and two clades specializing on the micro-
lepidopteran families, Elachistidae and Crambidae (14 and 10 species). These discrete clades of 
closely related parasitoids are not only remarkably specialized, but span across distantly related 
lepidopteran families. 
 
Cotesia species do not show CLHU at the family level 
In my phylogeny of the Cotesia, I do not observe a pattern of CLHU at the family level. 
Instead, it appears parasitization strategies are highly varied within the Cotesia, which attack 10 
separate macro-lepidopteran families (See key of Fig 3). At the family level CLHU is dispersed 
and only prominent within particular portions of the tree. Within the Cotesia clade, specificity 
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may instead be dependent upon the caterpillar family parasitized, as species that attack a few key 
lepidopteran families consistently tend to cluster, (i.e., Sphingidae, Saturniidae and Nymphalidae 
parasitizers generally form family-specific clusters and seldom appear alone or within a mixed 
clade (Fig 2)). Conversely wasps that parasitize other families form no obvious clusters or 
patterns.  
As many of these species are yet to be described, full life history and chemical 
information regarding all of the caterpillar species parasitized by Cotesia are not available. Thus 
it is difficult to make solid conclusions about what type of factors are associated with caterpillars 
in families which are attacked by a Cotesia cluster. When data are not available it is possible to 
make inferences based on members of the same genus for which the information is available 
(http://janzen.sas.upenn.edu/Wadults/searchcat2.lasso; http://www.butterfliesandmoths.org). Although not ideal, 
this associative exploration reveals a noticeable tendency for the families which Cotesia cluster 
on, to be toxic, display group feeding or possess other traits which suggest there would be an 
advantage to specializing. For example, Automeris and Hylesia (Saturniiade), two genera 
commonly parasitized by several closely related Cotesia species’, both feed in natal clusters and 
possess highly urticating hairs. Whereas many of the Nymphalidae and Hesperiidae attacked by 
Cotesia appear to be similar in body size and feed on similar suites of plants. Further data are 
required regarding the life history of the caterpillars in question; based on the available data, it 
appears that chemical and ecological similarities seen between lepidopteran families may be 
driving the mini-radiations of parasitoid species which specialize on them. 
 
Cotesia show near perfect CLHU within Major Clade Assignments 
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In terms of the evolutionary relationships between lepidopteran lineages, family groups 
are arbitrary divisions and have no real phylogenetic meaning, so in order to properly analyze 
CLHU it is necessary to cluster lepidopteran families in a way that accurately reflects lineage 
relations. Fortunately, a number of recent phylogenies of the Lepidoptera have confidently 
outlined familial relationships within the order (Regier et al., 2009; Mutanen et al., 2010). Regier 
et al. (2009) devised a number of convenient “Major Clade Assignments” which group closely 
related families (e.g. lineages which have undergone large radiations in recent history) and 
separate evolutionary distinct groups. As these Major Clades (MCs) are phylogenetically 
meaningful, they are a better unit of host specificity than familial divisions and can be used to 
look at CLHU in a way that better reflects the relationships between parasitoid host caterpillars. 
The 10 lepidopteran families parasitized by Cotesia lie within only 2 of the twelve major 
lepidopteran clades (unlike the 11 families attacked by Apanteles, which span 7 MCs (Rodriguez, 
2009)). These are also two of the three clades to be solely composed of macro-lepidopterans, the 
first of which is the most derived lineage within the lepidopteran tree of life, consisting of a large 
25-family radiation (out of the total 59), and including 8 of the 10 families attacked by Costa 
Rican Cotesia (see colored key to Fig 3). The second MC contains 4 families and is only distantly 
related to the first as it falls close to the base within the lepidopteran tree and includes the final 2 
of the 10 families parasitized by Cotesia (Hesperiidae and Nymphalidae). Superimposing this 
host information onto the Cotesia phylogeny reveals a striking pattern (Fig 4): parasitoid species 
within Clade 1 attack only the eight lepidopteran families within the largest MC. With the 
exception of only one species (CW-05), Clade 3 attacks only species from the second MC and 
finally, in terms of both phylogeny and host use, Clade 2 is split into two distinct halves, each 
half exclusively attacking species from only one of the MCs. 
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Considering the present findings using Cotesia in conjunction with the previous 
phylogeny of the Apanteles (Rodriguez, 2009), it is apparent that I have found a similar trend of 
CLHU. Within the Apanteles, large clades of closely related species exclusively parasitize 
Elachistidae, Crambidae, Hesperiidae and Riodinidae. The former two families each occupy 
distinct and well separated MCs and although the latter two occupy the same MC, the two 
Apanteles clades exclusively attacking these families are sister lineages.  
The MC of Lepidoptera attacked by a parasitoid species is thus the best predictor of the 
ability of a parasitoid to switch hosts and furthermore predict onto what that parasitoid is likely to 
switch. Based on the host affinity of closely related species, MCs are a more meaningful tool for 
making inferences as to which caterpillar families are likely to be attacked by wasps of unknown 
host affinity.  
The limited host switching I have found in the Cotesia (as only a single species, CW-05 
has made a large jump to a host family in a different MC from its closest relatives) strongly 
suggests that closely related species of Cotesia make small jumps between host species, generally 
exploring only local (closely related) host possibilities, and only rarely make large jumps to 
distantly related host species. This trend of “local” host switches may be tied to the greater 
similarity of immune systems in closely related hosts, which are less likely to represent a hostile 
environment to parasitoid eggs or reduce effectiveness of the polydnavirus (PDV), which is thus 
better adapted to the physiology of a similar host (Strand 1995) and/or greater chemical 
similarities driven by the  caterpillars host plant, may facilitate local host switching; although, 
given the wide range and cross-over between plants eaten by close and distantly related Cotesia 
host families, this is not thought to be the primary determinant of the ability to host-switch. It is 
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instead probably one of a myriad of these (and many more) factors, including the likelihood of 
the chance event of a wasp ovipositing into the “wrong” host.  
In light of these findings, future studies of parasitoid host range should chart host 
specificity using both familial and MC divisions, giving preference to the latter. This is 
particularly important within groups like Cotesia, which specialize on macro-lepidopteran 
lineages within the largest MC of the lepidopteran tree of life (Regier et al., 2009). As this 
radiation consists of large and charismatic lepidopteran families such as Saturniidae and 
Arctiidae, which are distinct in morphology, they are relatively well studied and it is likely that as 
a consequence they have been broken up at the familial (generic and possibly species) level to a 
far greater extent than micro-lepidopterans from some of the less distinctive lepidopteran 
families. A perfect case in point would be the continued use of Arctiidae as a family level 
classification (as previously noted), despite its recent revision into the subfamily Arctiinae 
(Mutanen et al., 2010; Regier et al., 2009; Lafontaine and Fibiger, 2006). 
 
Generalist species attack different families than specialists 
As has previously been found within the Microgastrinae, most Cotesia species are highly 
specialized and attack only one or two species within a host genus (Smith et al, 2008). 
Nonetheless, a distinct portion of Cotesia species occupies the right-hand tail of the distribution 
(Fig 7 and Appendix B), which attack more than one genus and/or more than two species of host 
caterpillar. These species are greater generalists in terms of host utilization and furthermore 
appear to occur in specific families of specific clades within the phylogeny. The same is also true 
for specialists, which cluster in specific clades and families (Fig 5). Species that attack 
Noctuidae, Saturniidae and Sphingidae populate Clade 1 and always attack several host species 
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from multiple genera within a family. In an extreme example, CW-36, a species parasitizing the 
Saturniidae, attacks 9 species across 5 Saturniidae genera (Fig 2B). Species that attack 
Nymphalidae, Hesperiidae, Sematuridae, Arctiidae, Lasiocampidae, Geometridae and 
Notodontidae parasitize only 1-2 species within a single host genus. The former three make up all 
of the species within Clade 3, while the latter are somewhat randomly dispersed within Clade 1. 
Unlike what is seen in Clade 1, the wasp species present in Clade 3 always parasitize only a few 
caterpillar species within the same genus, and in the case of Nymphalidae, whole clades of wasp 
parasitize very closely related or even the same species from a single genus (Fig 2A). There is a 
mixed pattern of specialists and generalists within Clade 2, which is itself split into two distinct 
halves (also corresponding to two MCs, described previously): One half contains generalist 
Sphingidae and Noctuidae attacking species and the other a large clade of extremely specialized 
Nymphalidae-attacking species (Fig 5).   
The most highly specialized species attack Hesperiidae, Nymphalidae and Arctiidae 
(Appendix B), all of which have been reared a relatively large numbers of times and are 
particularly abundant in the Neotropics. High abundance of specific species or unique host 
chemistry (as a result of a unique and possibly toxic host plant) in these cases could create a 
selective advantage for specialization. The apparent emergence of generalist species parasitizing 
only Noctuidae, Saturniidae and Sphingidae within distinct portions of the Cotesia phylogeny, 
could be attributed to biological or artifactual reasons. Biological similarities between species in 
these host families could promote generalists due to greater conservation of the host immune 
system (and thus effectiveness of wasp PDVs), very similar host chemistry due to food plant, a 
lower abundance of species within these families or even the need for host switching due to host 
voltinism, all of which could create a selective advantage for generalization. Secondly, these 
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three families all contain robust, morphologically distinct and often beautiful species – rarely 
falling into the category of “little brown moths”. It is quite possible that due to this attractiveness 
these lepidopteran families have been better studied than others, resulting in more finely 
separated genera and/or species classifications. This phenomenon could be reflected in the 
apparent generalization of the Cotesia species that attack these families. 
Smith et al. (2008) found only 1.9% of the 313 provisional Microgastrinae wasps 
delineated by barcoding were reared from a taxonomic range including more than one host family 
(none more than two), and these specimens may have been species pairs missed by barcoding. By 
comparison, a generalist parasitoid species Lespesia aletiae within the Tachinidae (Diptera) 
literature has a host range spanning over at least 12 caterpillar families (Smith et al., 2006). 
Cotesia parasitoids with wider host ranges (attacking multiple genera) therefore cannot be 
considered true generalists; however, the species that attack particular host families are 
generalists by comparison to the majority of species of Microgastrinae, which are highly 
specialized. The emerging phylogenetic picture within the subfamily Microgastrinae thus 
continues to be of a hyperdiverse lineage composed of highly specialized species.  
The taxa in the present study represent an unbiased sample of the majority of species from 
a discrete but highly diverse geographic area. In order to put these results into a global context, it 
is important to determine if these patterns are consistent when Cotesia species from other 
geographic areas are included. Moreover, the inclusion of a few well-chosen economically 
important species (Salzat and Whitfield 2004) as well as known species from North America, 
Europe or elsewhere could allow us to determine if a number of fascinating patterns are 
ubiquitous: Do all Nymphalidae attacking species come from a single radiation or many smaller 
ones? Do generalist Cotesia species exist in other parts of the world and are they limited to 
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attacking the same host families as the Costa Rican fauna? Finally, do MCs remain a reliable 
determinant of the host family attacked by a clade of closely related Cotesia species? With the 
inclusion of such data, this phylogeny could also be employed to pinpoint potential species of 
interest for application in the biocontrol of pest species and furthermore identify the phylogenetic 
origin and potential hosts of unknown Cotesia species, for which natural history data are 
unavailable (e.g. yellow pan or malaise trapped specimens).  
Through a collaboration with Prof. Mike Strand (Athens, Georgia), whose laboratory is 
currently generating PDV genomic data obtained from the species included in this study, this 
phylogeny of the Cotesia will be used to perform comparative analysis between PDVs at the 
species level. By comparing PDV strains from species of known phylogenetic relationships, 
which show interesting patterns of host utilization, it will be possible to determine the core set of 
genes, essential to the functioning of the PDV and which genes are involved in host specificity or 
the ability of a wasp species to make a switch between two different hosts. 
In terms of phylogeny and host utilization, the present study has enabled us to pinpoint a number 
of candidate relationships which are promising for comparative studies of species specific PDV 
strains.  For example, CW-05 is the only species within the Cotesia to parasitize hosts which are 
extremely distantly related to all of its closest relatives (and it is also possible that it is the only 
species to parasitize more than one family of host). I have already shown that CW-05 is also a 
genetically unusual candidate (at least based on the genetic data available to date), which may 
well be a result of the demands of its vastly different parasitization strategy. CW-05 is thus an 
ideal candidate for tests of positive selection, to determine which PDV genes are involved in 
making a large host switch.  In addition to CW-05, a number of distantly related species within 
the Cotesia attack the same or closely related caterpillar species; although both parasitoids attack 
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a number of other species, CW-16 (Clade 2) and CW-33 (Clade 1) both parasitize Aellopos fadus 
(Sphingidae). Analysis of species which share hosts but are more distantly related could enable 
us to determine which genes/gene regions are important for PDV effectiveness against a specific 
host. Informative comparisons could also include tests of selection between highly specialist to 
more generalist species, to determine what it is about particular PDVs that enable them to be 
effective against a wider range of hosts. 
With the advent of next generation sequencing and the rapidly reducing cost of a genome, 
a number of projects are underway which will soon provide the genomes of a number of well 
known parasitoid species, including Microplitis demolitor and Cotesia congregata (per comm. J. 
Whitfield and H. Robertson). With such data in hand, it will also soon be possible to not only 
pinpoint core viral genes and genes/gene regions important to host specificity (as discussed 
above), but also to determine the origin of eukaryotic genes within the PDV genome (Bezier 
2009; Espagne 2004). Such depth of knowledge about regarding PDVs and their specific 
parasitoid hosts would no doubt provide unparalleled insight into the massive radiation of PDV 
carrying parasitoids in recent history (Web et al., 2006; Espagne et al., 2004). 
 
CONCLUSIONS 
Individually, the five molecular markers (COI, 28s, Wgls, LwRhod and ASpec), employed 
in the present study do not provide enough phylogenetic resolution to resolve Cotesia 
relationships. LwRhod and ASpec did however perform particularly well (Appendix A-fig 4-5); 
LwRhod has been used many times within the Microgastrinae and performed as expected (Salzat 
and Whitfield 2004; Murphy et al., 2008) but ASpec, a gene not well tested within the 
Hymenoptera (Wild and Maddison 2008; A. Wild, per comm.), proved to be a highly informative 
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locus. ASpec would thus be an invaluable inclusion to the battery of genes used to delineate 
relationships within and possibly between genera in future studies of the Microgastrinae.  
The concatenated dataset was additive in support and able to resolve nearly all relationships 
among Costa Rican species of Cotesia with relatively high confidence. As the taxa in the present 
study are much more closely related than those included in the only large Cotesia phylogeny to 
date (Salzat and Whitfield 2004), COI, alongside ecological and previously defined 
morphological divisions, were successfully used to delineate closely related sister species (Hebert 
et al., 2004, Smith et al., 2008), none of which were able to do so alone. Although most 
relationships were resolved, an additional gene evolving more slowly than COI, but fast enough 
to separate closely related groups of species, may provide the extra resolution required to 
completely resolve the Cotesia and other closely related species within the Microgastrinae 
genera.  
This is the first phylogenetic study to incorporate a diverse and geographically realistic 
subset of species to analyze the evolution of host specialization within the genus Cotesia. Using 
the MCs outlined in one of the most recent lepidopteran trees of life (Regier et al., 2009), I have 
found an unmistakable pattern of niche conservatism within Costa Rican Cotesia, which parallels 
that of Costa Rican Apanteles. At the family level, it is apparent that Cotesia parasitize a similar 
breadth of hosts to Apanteles, but using MCs, which are a more realistic representation of 
lepidopteran relationships, Cotesia parasitize a far more limited range of hosts. Furthermore, it 
appears that those species which are generalists (relative to the normal pattern found within the 
highly host-specific Microgastrinae (Smith et al., 2008)) have to date only been reared from a 
specific subset of host families. 
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Additional work is now necessary to put these findings into a global context by 
incorporating additional geographic and economically important subsets of Cotesia and to 
describe the species delineated in this work, with preference given to CW-01-11-20-26-28-36 (all 
reared >25 times over three years, Appendix B). Their abundance, and likewise abundance of 
species they attack, makes them particularly relevant in the control of lepidopteran populations 
within an explosively diverse ecosystem. 
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FIGURES 
 
Table 1. Primers used in this study. 
  
Gene 
Primer 
Name Sequence 
Annealing 
Temp (C°) Reference 
COI 
  
45 
([Folmer et al., 
1994]) Forward LCO1490 5'-GGTCAACAAATCATAAAGATATTGG-3' 
Reverse Ben3r 5'-GCWACWACRTAATAKGTATCATG-3' 
28S 
  
55-62 
([Mardulyn and 
Whitfield, 1999]) Forward 28SF 5’-AAGAGAGAGTTCAAGAGTACGTG-3’  
Reverse 28S-PM 5’-TAGTTCACCATCTTTCGGGTCCC-3’ 
wingless 
  
51 
([Wild and 
Maddison, 2008]) Forward Wg550F 
5'-
ATGCGTCAGGARTGYAARTGYCAYGGYATGTC-3' 
Reverse WgAbRZ 5'-CACTTNACYTCRCARCACCARTG-3' 
Longwave 
Rhodopsin 
  
48 
([Murphy et al 
2008.,], [Banks and 
Whitfield]) 
Forward OpsFor2 5'-GGATGTASCTCCATTTGGTC-3' 
Reverse Ops3'2 5'-AVHGATGCRACRTTCATTTTCT-3' 
Alpha 
Spectrin 
  
53-57 
([Wild and 
Maddison, 2008]) Forward AS1822F2 5'-AGCCACGARCCHGCNATHCAAGC-3' 
Reverse AS2053R   5'-TCCTCCTCAGCRTTYTCRAACCANGA-3' 
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Table 2. Cotesia species included in the study and Genbank accession numbers for 
genes sequenced. Awaiting GenBank accession numbers. 
Species COI 28s Wgls LwRhod ASpec 
CW-01 
     CW-02 
     CW-03 
     CW-04 
     CW-05 
     CW-06 
     CW-07 
     CW-08 
     CW-10 
     CW-11 
     CW-12 
     CW-13 
     CW-14 
     CW-15 
     CW-16 
     CW-17 
     CW-18 
     CW-20 
     CW-23 
     CW-24 
     CW-25 
     CW-26 
     CW-27 
     CW-28 
     CW-30 
     CW-31 
     CW-32 
     CW-33 
     CW-34 
     CW-35 
     CW-36 
     CW-37 
     CW-38 
     CW-40 
     CW-52 
     CW-64 
     CW-65 
     CW-66 
     CW-69 
     CW-70 
     CW-73 
     CW-74 
     CW-77 
     CW-78 
     CW-79 
     CW-80 
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Table 3. Models chosen by FindModel and subsequent model 
used for Bayesian analyses. 
Gene Model Chosen by AIC Model Implemented in MrBayes 
COI GTR + G * GTR + I + G  
28S GTR + G * GTR + I + G  
wgls GTR + G * GTR + I + G  
ASpec HKY + G * GTR + I + G  
LwRhod GTR + G * GTR + I + G  
* FindModel does not consider invariant sites, which were included in 
subsequent Bayesian analyses. GTR refers to General time reversible and 
HKY to Hasegawa-Kishino-Yano models of nucleotide substitution. 
 
Table 4. Number of characters, sequence divergence and base composition for the genes and taxa used in this study. 
  COI mtDNA n28s rDNA wgls LwRhod ASpec Combined Data 
Number of taxa (total/ingroup) 48/45 42/42 48/48 48/48 44/43 45/48 
Number of characters: 
      
(Ingroup; 
total/variable/parsimoniously 
informative) 645/168/114 557/66/20 445/47/8 725/81/49 713/135/85 3084/481/279   
(Outgroup; 
total/variable/parsimoniously 
informative) 645/197/132 557/92/29 445/103/42 725/164/69 NA 3084/691/357 
Sequence divergence (%; 
ingroup/outgroup) 26.0/30.5 11.8/16.5 10.6/23.1 11.2/22.6 18.9/ - 15.6/22.4 
Pars Informative (%; 
ingroup/outgroup) 17.7/20.5 3.6/5.2 1.8/9.4 6.8/9.5 11.9/ - 9.0/11.6 
Nucleotide frequencies (%; A/C/T/G) 30.0/10.4/45.5/14.1 26.3/17.2/32.9/23.6 26.3/17.2/32.9/23.6 30.9/19.2/31.9/18.0 27.2/20.7/24.7/27.4 29.2/16.7/33.2/21.0 
(%; AT/GC) 75.5/24.5 59.2/40.8 59.2/40.8 62.8/37.2 51.9/48.1 62.4/37.7 
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Figure 1A. COI NJ tree (K2P), including 268 of the 354 Cotesia specimens reared and barcoded in the ACG from 
2005 – 2008. Each species clade/cluster is labeled with its provisional barcode species name (as defined by Smith et 
al. (2008) using the Cotesia-Whitfield (CW-##) naming system). Redundant specimens missing more than 200 bp 
from the 650 bp barcode region were removed (redundancy refers to specimens with identical life history and genetic 
(COI) data to another specimen in the database). Branches are colored according to provisional CW-species. With 
the exception of CW-79 (Marked by a green star), which is a nested clade on a relatively long branch within the CW-
20 cluster, and displays a consistent synonymous substitution at the third coding position for two sites (site 300 and 
513 downstream), from T to C in both cases; all provisional barcode species are grouped together in discrete clusters 
or clades. Every change in colour between adjacent specimens represents a different species cluster/clade in the tree. 
All black branches represent species for which there has only been one specimen collected to date.  
Figure continued to next page. 
0.03 
A. Cotesia Species Clusters 
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Figure 1B. Continued from previous page, COI NJ tree (K2P), including 268 of the 354 Cotesia specimens reared 
and barcoded in the ACG from 2005 – 2008. Each species clade/cluster is labeled with its provisional barcode 
species name (as defined by Smith et al., (2008) using the Cotesia-Whitfield (CW-##) naming system). Redundant 
specimens missing more than 200 bp from the 650 bp barcode region were removed (redundancy refers to specimens 
with identical life history and genetic (COI) data to another specimen in the database). Branches are colored 
according to family of caterpillar parasitized by each reared specimen. Asterixs represent duplicate specimens within 
a cluster/clade. Braches are colored by family of caterpillar parasitized (Yellow: Nymphalidae, purple: Hesperiidae, 
red: Sematuridae, blue: Noctuidae, orange: Sphingidae, light grey: Arctiidae, green: Saturniidae, dark grey: 
Lasiocampidae, pink: Notodontidae, black: Geometridae). Each species or cluster of species’ parasitizes a single 
family of caterpillars, with the exception of the CW-05 cluster (marked by a grey star), whose host breadth suggests 
the current provisional species classification may include cryptic species undetectable using COI alone.  
B. Family Parasitized by Cotesia Specimens 
0.03 
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 Figure 2, Continued onto next page. 
0.04 
A. Nymphalidae  
CW-06: Prepona demodiceDHJ02 
(5) 
CW-04: Archaeoprepona demophon 
(2)  
CW-13: Pierella pallida 
(14) 
CW-11: Pierella incanescens (54) / P. pallida (3) / P. Helvetia 
(1) 
CW-74: Pierella pallida 
(1) 
CW-18: Caligo sulanus (4) 
CW-80: Caligo atreus (10) / C. telamonius  (1)  
CW-79: Opsiphanes cassina (12) / O. quiteria 
(1) 
CW-20: Opsiphanes quiteria (39) / O. cassina 
(2) 
CW-77: Opsiphanes tamarindi (11) / 
O. bogotanus (9) 
CW-78: Opsiphanes tamarindi (20) / O. bogotanus 
(2) 
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Figure 2A and 2B. Close-ups from the Bayesian phylogeny of the Cotesia, highlighting species which parasitize: (A.) Nymphalidae and (B.) Saturniidae. 
Branches are labelled with provisional CW-# species names and the genera/species of caterpillars on which they have been found (sample numbers shown in 
parentheses). To the right of each branch, photos from the ACG caterpillar database of their respective caterpillar hosts are shown 
(http://janzen.sas.upenn.edu/Wadults/searchcat2.lasso). Photos adjacent to one another depict caterpillars of the same genus, while gaps between photos show 
generic gaps between species parasitised.  A. Nyphalidae attacking clades of Cotesia clades all attack closely related species of caterpillar within the same genus, 
with only extremely local host switches occuring. B. Saturniidae attacking species of Cotesia appear to attack a number of caterpillar genera, and often many 
species within a single genus.  
B. Saturniidae 
sSSaSaturniid
aeSaturSemat
uridNymphalid
ae  
0.04 
CW-36: Gamelia musta (10) / Hylesia continua (5) / H. aeneides (4)/ 
H.dalinaDHJ01 (2) / H. rubrifrons (1) / Molippa tusina (2) / Periphoba 
arcaei (2) / Automeris pallidior (1) / Pseudodirphia menander (1) 
CW-64: Automeris pallidior (12) / A. 06-SRNP-44199 (1) 
CW-24: Automeris postalbida (3) / A. postalbidaDHJ05 (2) 
/ A. belti (1) / A. tridensDHJ07 (1) / Hylesia aeneides (1) / 
Periphoba arcaei (1) 
CW-26: Rothschildia lebeau (14) / R. tribola (8) / Caio 
championi (8) 
CW-40: Rothschildia tribola (7) / Eacles ormondei (1) 
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Figure 3. Fifty-percent majority rule consensus tree from the 45 provisional Costa Rican Cotesia species, 
determined using 5-genes (COI, 28s, wgls, LwRho and ASpec), and 100-million generations of mixed model 
Bayesian analysis. Posterior probabilities (pp’s) are represented above each node, red numbers indicate pp’s below 
0.80. Branches are colored according to the host caterpillar family parasitized (Yellow: Nymphalidae, purple: 
Hesperiidae, light blue: Sematuridae, pink: Noctuidae, orange: Sphingidae, light grey: Arctiidae, green: 
Saturniidae, dark grey: Lasiocampidae, blue: Notodontidae, black: Geometridae). Outgroups included in the 
analysis were: Apanteles nephoptericis, Microplitis demolitor and Glyptapanteles porthetriae; the tree was rooted 
using G. porthetriae, although, ingroup relationships were consistent irrespective of the outgroup rooting. 
Outgroups were cropped so as to clearly display branch lengths within the ingroup (see Appendix A-fig 9 for tree 
including outgroups). 
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Family | Major Clade Assignment                                   
Lepidoptera Phylogeny 
Cotesia Phylogeny  
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Fifty-percent majority rule consensus tree of the 5-gene, 100-hundred million generation Bayesian 
phylogeny, of 45 Costa Rican species of the genus Cotesia; colored to highlight patterns of niche conservatism 
within closely related species or clades of the genus. Red stars denote clades with posterior probabilities values 
below 0.80. Branches are colored according to the major clade assignments of lepidopteran families parasitized by 
each species of Cotesia and ancestral states were inferred using maximum parsimony. All species of Cotesia attack 
macro-lepidopterans from two of the three exclusively macro-lepidopteran clades within the lepidopteran tree of life 
(Superimposed to the right of the Cotesia phylogeny) which has been taken From Regier et al., (2009) and major 
clade colors altered to denote clades of interest to this study.  Black branches indicate Cotesia species which attack 
caterpillars within the most family rich major clade which contains twenty-five families and is highlighted in red, 
while white branches indicate species which attack families from the less family rich macro-lepidopteran clade 
consisting of four families and highlighted in yellow.  
Clade 1 
Clade 2 
Clade 3 
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Figure 5. Fifty-percent majority rule consensus tree of the 5-gene, 100-million generation Bayesian phylogeny, of 
35 Costa Rican species of the genus Cotesia; red asterixs denote clades with posterior probabilities below 0.75. 
Branches are colored to highlight the occurrence of generalist vs. specialist species within the genus (Black: 
generalist species, White: specialist species, Grey: equivocal.) Ancestral states were inferred using maximum 
parsimony and branch labels include provisional CW-species, host family and number of rearings in parentheses. 
Nearly all taxa with less than three rearings and all taxa with only one rearing were removed due to insufficient data 
to allow an accurate estimation of host range. Generalist species of parasitoid are considered to be those that 
parasitize more than two species or more than one genus of caterpillar within a family. 
Clade 1 
Clade 2 
 
Clade 3 
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Figure 6. Close up of Major Clade 3 in the A. Unconstrained and B. Constrained Bayesian analyses. In the 
constrained analysis, all members of Major Clade 3 in the unconstrained analysis (A), other than cw-05, were forced 
to lie in a monophyletic clade of any topology – forcing the exclusion cw-05. The resultant topology, resolved the 
polytomies seen in A, has about equal pp support and the topology of all other taxa remain the same. Statistically the 
difference in likelihood of either tree is “barely worth mentioning”, showing that cw-05 incongruences are likely to 
be the cause of the polytomy seen in the unconstrained phylogeny.  
 
 
 
A. B. 
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Figure 7. Frequency histogram depicting the degree of host specificity present within all provisional species of the 
genus Cotesia collected in the ACG from 2005-2008. Numbers in parentheses denote the frequency of parasitoid 
species represented within each class of specificity. The percentages of species attacking a single caterpillar species 
from a single genus (including species which are specific to a single species) or species from multiple genera are: 
57%, 77% and 23%, respectively. All solitary species sampled (7 species – see Appendix B) are specific to single 
genus or species. 
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CHAPTER 2 
 
Diversification of trophic interactions in the tropics: Host use, cospeciation 
and diversification across three trophic levels. 
 
Note: The manuscript presented is to be submitted to The American Naturalist within the next 
month and has been formatted as such. A few minor changes have been made to conform to the 
University of Illinois thesis standards. I completed all molecular work associated with the 
Parapanteles parasitoids included in this project and species identifications where carried out in 
collaboration with Professor James B. Whitfield.  Due to the tri-trophic nature of this project, it 
was carried out in collaboration with a number of groups and thus has many authors. For a full 
list of accredited authors please see the acknowledgements at the end of this chapter. 
 
 
ABSTRACT 
Natural selection associated with divergent environments or resources is a fundamental factor 
contributing to the evolution of biological diversity.  Within herbivorous insects, a switch to a 
new host plant can lead to reproductive isolation of the herbivore, triggering an adaptive 
radiation onto unexploited plants. As a result, insect parasitoids associated with these herbivores 
could undergo parallel reproductive isolation and subsequent diversification to utilize newly 
available herbivorous host species. Despite the important role multi-trophic speciation processes 
may have played in shaping present day biodiversity, few studies have attempted to determine 
the frequency of such host switches and how they are associated with diversification across 
trophic levels.  In the present study I examine phylogenetic patterns of host use across three 
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hyper-diverse lineages: The plant genus Piper (Piperales: Piperaceae), a genus which is 
becoming an important model system for ecological and evolutionary tropical biology. Tropical 
moths in the genus Eois (Lepidoptera: Geometridae), which are specialist feeders on Piper plants 
(Piperales: Piperaceae).  And finally, a specialist group of parasitoids in the genus Parapanteles 
(Braconidae: Microgastrinae), that parasitize several species of the genus Eois (which feed on 
Piper plants). Phylogenies were reconstructed using two genetic loci in Eois and Piper and three 
genetic loci in Parapanteles. Non-random patterns of host use within both the moth and wasp 
phylogenies were found and the moth relationships in particular were characterized by small 
radiations of taxa associated with different species of host plant. Remarkably, at the most 
shallow phylogenetic level multiple instances of morphologically distinct sister species of moths 
that utilize the same host plants in approximately the same geographic area were found.  I put 
forward a model of diversification that emphasizes a complex interplay of factors, including host 
shifts, vicariance, and adaptation to intra-specific variation within host plants.  These results 
highlight the importance of investigations into rich and complex communities for producing 
novel insights and testing hypotheses generated from detailed studies of small, closely related 
suites of species. 
 
KEY WORDS: coevolution, Piper, Eois, Parapanteles, speciation, tri-trophic 
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INTRODUCTION 
Interactions among trophic levels play a central role in the evolution of biological 
diversity (Page 2003; Singer and Stireman 2005).  In particular, the host-parasite relationship has 
figured prominently in our understanding of diversification as a productive framework in which 
to investigate the macroevolutionary importance of exploitative adaptations and host defenses 
(Rundle and Nosil 2005; Matsubayashi et al. 2010).  Within this area of evolutionary ecology, 
research has advanced along two distinct fronts: one focusing on patterns at a relatively deep 
temporal scale and the other focusing on mechanisms at the population level, often with 
contemporary taxa at an incipient stage of species divergence (e.g., host races).  At the deeper 
level, the emphasis has been on “major” host shifts, for example, among taxonomic families of 
hosts, giving lineages of parasites access to novel resources leading to adaptive radiation (Ehrlich 
and Raven 1964; Schluter 2000).  Evidence for the importance of major host shifts has come 
from a number of groups, including the colonization of angiosperms by weevils (McKenna 
2009), and shifts to new plant families by butterflies (Fordyce 2010).  Along the other major 
conceptual front in theories of host-parasite diversification, many authors have emphasized the 
importance of host switching at the lowest taxonomic levels (Drès and Mallet 2002; Berlocher 
and Feder 2002), in which reproductive isolation between sister species is associated with host-
specific adaptations (e.g. Funk 1998; Lu and Bernatchez 1999; Forister 2005).   
Considering the phylogenetic evidence for the importance of major host shifts and the 
importance of divergent, host-associated selection at low taxonomic levels, one might conclude 
that shifts in diet are the major drivers of diversification in herbivorous insects (and this could be 
true whether insect diversification is contemporary with host diversification, or temporally lags 
behind plant speciation).  Futuyma and Agrawal (2009) have cautioned that this conclusion is as-
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of-yet unjustified, and that the importance of other facets of the parasitic life style, including 
community interactions, have been insufficiently examined.  Winkler and Mitter (2008) surveyed 
a large number of published phylogenies for herbivorous insects and similarly concluded that the 
importance of both major (between families) and minor (between species) host switches had 
perhaps been overestimated.  In particular, less than half of 145 pairs of sister species from 45 
phylogenies included different hosts.  Although phylogenetic studies of host-parasite 
relationships are obviously not rare, few studies have targeted mega-diverse lineages of parasites, 
particularly at appropriate spatial and temporal scales in which population-level processes can 
possibly be linked to macroevolutionary trends.  Even fewer studies have investigated 
evolutionary dynamics in a community context across more than two trophic levels (Lopez-
Vaamonde et al. 2005; Noda et al. 2007; Silvieus et al. 2008; reviewed by Forister and Feldman 
2010). 
Tropical communities can provide trophically-linked, species-rich assemblages in which 
questions regarding resource use and diversification can be addressed.  In this study, I examine 
patterns of diversification in a species-rich genus of tropical moth, Eois Hübner (Lepidoptera: 
Geometridae), its host plant genus, Piper L. (Piperaceae), and a group of Eois-attacking 
parasitoid wasps in the genus Parapanteles Ashmead (Hymenoptera: Braconidae). Eois is known 
from ca. 250 described species (Scoble 1999; Herbulot 2000) and numerous morphospecies 
(Strutzenberger et al. 2010); however, estimates suggest that Neotropical Eois richness may be as 
high as 2,000 species (Rodríguez-Castañeda et al. 2010).  Based on known feeding data, Eois 
predominantly specializes on Piper (Dyer and Palmer 2004; Connahs et al. 2009), although some 
recent evidence suggests host shifts may have occurred away from the genus (Strutzenberger et 
al. 2010). Like most Neotropical lepidopteran larvae, Eois species have narrow diet breadths 
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with most species feeding on a single or a few Piper species (Connahs et al. 2009). Piper is a 
species-rich genus of predominantly understory shrub that reaches its highest diversity in the 
Neotropics, where nearly 700 species are found (Greig 2004; Jaramillo & Manos 2001). Due to 
the high diversity and abundance of Piper in the Neotropics, as well as the variety of ecological 
interactions and chemical defenses present in this genus, it has been considered a model for 
studies of phytochemistry, ecology, and evolution (Dyer and Palmer 2004). Parapanteles is a 
large but still poorly known genus within the hyperdiverse microgastrine braconid wasps, with 
16 species described to date, 14 of which are from the Neotropics (Valerio et al. 2009). The 
majority of Neotropical microgastrines remain undescribed (it is estimated that as high as 95% of 
species are currently undescribed (Smith et al. 2008; Whitfield et al. 2009)), and so it is likely 
that there are many more undescribed Parapanteles species. Like all microgastrines, 
Parapanteles are endoparasitoids of lepidopteran larvae and although host preferences are 
known for only a small proportion of the species, if they follow the trends that have been found 
across other microgastrine genera, they are expected to be highly host-specific (Smith et al. 
2008).  
To investigate the role of resource use in diversification, I bring together phylogenetic 
and ecological data for Piper, Eois, and Parapanteles.  For each host-parasite relationship (Eois 
feeding on Piper, and Parapanteles attacking Eois), I ask: what is the phylogenetic distribution 
of host use?  This involves asking if host use is conserved or labile, with conservation of host use 
being associated with closely related herbivores and parasitoids attacking closely related hosts.  
Results are discussed within the context of potentially cascading evolutionary dynamics (Forister 
and Feldman 2010), with diversification at one level (plants) influencing the diversification of a 
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second level (herbivores), which in turn could affect the diversification of a third level 
(parasitoids). 
 
MATERIALS AND METHODS 
Taxon Sampling 
Eois – The methodology used in this study was driven by the availability of Eois 
specimens. Caterpillars were collected and reared from two sites, one at Yanayacu Biological 
Station in Ecuador, and one at La Selva in Costa Rica.  Collections were made in standard 10 m 
diameter plots at our sampling sites.  In each plot all Piper plants were harvested and caterpillars 
from each plant were reared at laboratories near the collection site. Caterpillar sampling and 
rearing protocols are outlined in detail in previously published studies (Gentry and Dyer 2002; 
Rodríguez-Castañeda et al. 2010). As Eois taxonomy is in need of revision, with potentially 
hundreds of undescribed species (Rodríguez-Castañeda et al. 2010, Strutzenberger et al. 2010), it 
is difficult to assign a species name to most of the collected specimens.  Caterpillar specimens 
were thus given a morphospecies name based on larval morphology when they were collected, 
and where possible were identified to species when they emerged as adults. Individual moths 
were included in the phylogenetic analysis if they fit one or more of the following criteria: 1) 
genetically distinct, 2) identified by a unique morphospecies name, or 3) genetically identical 
specimens with the same morphospecies name but found on a unique host plant.  All Eois 
specimens were assigned ID numbers (see Appendix D) and have been deposited in the 
following collections: {awaiting collection information}. 
Piper – Piper was sampled to correspond with the diversity of plant species from which 
Eois were collected and reared.  Additional Piper species were also sampled in order to give a 
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phylogenetic context for those species associated with Eois. The majority of the Piper sequences 
used to estimate the phylogeny are taken from Jaramillo et al. (2008). Those Piper species not 
included in Jaramillo et al. (2008) were sampled following the protocol outlined in that study. 
Parapanteles – Although several genera of parasitoids have been reared from Eois 
specimens at our collection sites, Parapanteles was the focus in this study as it was by far the 
most abundant and diverse parasitoid group in our samples.  Parasitoids were reared following 
protocols outlined in Gentry and Dyer (2002), and specimens were sent to the Whitfield lab, 
University of Illinois at Urbana-Champaign for curation and molecular analysis.  
 
Molecular Methods 
Eois – DNA was extracted from two legs of dry adult moths using the DNEasy Tissue Kit 
(Qiagen Ltd., Crawley, UK). The age of extracted specimens ranged from six months to six years 
with older specimens yielding more degraded DNA. Two loci were amplified using PCR. A 
portion of the mitochondrial gene coding for cytochrome oxidase subunit I (COI) was amplified 
using the primers LepF and LepR (Hajibabaei et al. 2006). The nuclear gene coding for 
translation elongation factor 1- alpha (EF1-α) was amplified using the primers EF51.9 and 
EFrcM4 (Monteiro and Pierce 2001).  For the primers and specific protocols see Appendix E. 
While COI sequences were obtained from specimens of various ages, EF1-α was only obtained 
from a subset of these specimens due to the degraded nature of their DNA. Sequences were 
analyzed with an ABI Prism 3730 Genetic Analyzer and contigs were assembled in 
SEQUENCHER, version 4.10.1 (Gene Code Corp.). All sequences were deposited in GenBank 
(Appendix D). 
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Piper – Molecular methods for Piper followed the protocol outlined in a previously 
published study (Jaramillo et al. 2008). Two loci were amplified, the ITS region (including ITS1, 
5.8S and ITS2), and the psbJ-petA intron.  Sequencing was performed on AB1 377 or 3730xl 
automated sequencers (Applied Biosystems, Foster City, California) or a Li-Cor 4200 
LongreadIR (Li-Cor Biosystems, Lincoln, Nebraska). Sequences that have not been previously 
published have been submitted to GenBank; accession numbers for these and previously 
published sequences are found in Appendix D. 
Parapanteles – In order to understand the parasitoid species diversity attacking Eois, and to test 
for patterns of cospeciation across three trophic levels, I obtained sequence data from 
Parapanteles specimens that were reared from Eois. Parapanteles specimens were identified 
down to genus and provisional morphospecies by J.B.W. using a combination of morphological 
and cocoon characters. 
DNA was extracted from EtOH stored wasps using the DNEasy Tissue Kit (Qiagen Ltd., 
Crawley, UK). Because the age and quality of specimens was variable, DNA was extracted from 
either a single leg or from the entire body by puncturing the abdomen and thorax and incubating 
overnight. This extraction methodology preserved the wasp’s body for subsequent morphological 
examination. One mitochondrial and two nuclear loci were amplified: COI, wingless (wgls) and 
alpha spectrin (ASpec), respectively. Molecular methods for the amplification of COI followed 
the protocol outlined in Mardulyn and Whitfield (1999), and wgls and ASpec protocols are as 
described by Wild and Maddison (2008). For the primers and specific protocols see Appendix D. 
Due to the degraded DNA in some specimens it was not possible to obtain sequence data for all 
three loci (Appendix D). Sequences were assembled in BioEdit (Hall 1999) and are deposited in 
GenBank. 
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Phylogenetic and molecular dating analysis 
Eois – The two genetic loci were subjected to Bayesian analyses as separate datasets. 
Appropriate models of nucleotide substitution were determined for each dataset in 
MrMODELTEST, version 2.3 (Nylander 2004). Both COI and EF1-α were analyzed using 
MrBayes, version 3.1.2 (Ronquist and Huelsenbeck 2003) with the general time-reversible model 
of nucleotide substitution with invariant sites and gamma-distributed rate variation across sites 
applied to each dataset.  This Bayesian analyses included four independent runs with three 
heated chains and one cold chain in each run. The Markov Chain Monte Carlo (MCMC) 
parameters were set for 6-million generations and sampled every 100 generations. The burn-in 
period was removed after graphical determination of stationarity using Tracer v1.4.1 (Rambaut 
and Drummond 2007).  Archiearis parthenias was used as an outgroup based on evidence 
presented by Strutzenberger et al. (2010).  
In order to estimate phylogeny and divergence dates, the COI dataset was also analyzed 
using a Bayesian MCMC search and an averaging approach to rate smoothing using BEAST, 
version 1.4.8 (Drummond and Rambaut 2007).  The software BEAUti, version 1.4.8 (Drummond 
and Rambaut 2007) was used to generate the file used in BEAST with the alignment of the COI 
data set. Although no fossils exist for Eois, the age of the genus has recently been estimated 
using fossils of related geometrid moths (Strutzenberger and Fiedler 2011). I used the estimated 
age of Neotropical Eois to calculate divergence times by constraining the age of Eois at 30 Ma 
+/- 5 million years based on the age and 95% CI reported by Strutzenberger and Fiedler (2011). 
A Yule process speciation prior for branching rates was implemented and the general time-
reversible model with invariant sites and gamma-distributed rate variation across sites 
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(GTR+I+G) was applied with base frequencies estimated during the analysis. An uncorrelated 
log-normal model was applied to estimate the relaxed molecular clock. The analysis was run 
using the default MCMC parameters with the MCMC chains being set for 10 million generations 
and sampled every 1000 generations. While relaxed clock methods like those implemented in 
BEAST are commonly used to estimate divergence dates, I also estimated dates by simply 
applying a molecular clock to our data. Two different clock estimations were used to estimate the 
age of specific nodes on our COI tree. Brower (1994) estimated a rate of 2.3% divergence per 
million years in COI of Heliconius butterflies. This clock has been commonly used to estimate 
divergence times for several arthropod groups (e.g., Ayoub and Riechert 2004; Wilson et al. 
2010). Recently, Papadopoulou et al. (2010) reevaluated this clock estimation through an 
analysis of tenebrionid beetles, where they found that COI has a rate of 3.54% per million years.  
In order to visualize patterns of host use on the Eois trees, parsimony-based ancestral character 
reconstructions were implemented in Mesquite 2.74 (Maddison and Maddison 2010) for both the 
COI tree and the EF1-α tree. A randomization test was implemented in Mesquite 2.74 to test the 
hypothesis of nonrandom phylogenetic conservatism of host use on the phylogenies of Eois, 
Piper, and Parapanteles. 
Piper – Phylogenetic analysis of Piper was performed using MrBayes, version 3.1.2 
(Ronquist and Huelsenbeck 2003) following the same protocol as outlined in Jaramillo et al. 
(2008) using a subset of the species in that dataset.  Piper species included in this analysis were 
selected in order to correspond to available Eois specimens. 
Parapanteles – I analyzed a combined dataset of the three genetic loci in MrBayes, 
version 3.1.2 (Ronquist and Huelsenbeck 2003) with a general time-reversible model with 
estimations of the proportion of invariant sites and gamma-distributed rate variation across sites 
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(GTR+I+ Γ). The Markov chain Monte Carlo (MCMC) parameters were set to run for 100-
million generations and were sampled every 1000 generations. A burn-in of 25% of the trees was 
removed prior to the formation of a consensus tree. In addition, to estimate the phylogenetic 
relatedness of the Parapanteles reared from Eois in the context of the genus as a whole, COI 
sequences were analyzed with other Parapanteles sequences from previous Costa Rican studies, 
which were downloaded from the BOLD database (Ratnasingham and Hebert 2007). Sequences 
were aligned using the Opal plug-in for Mesquite 2.74 (Wheeler and Kececioglu 2007; Maddison 
and Maddison 2010). This alignment was then subjected to a Bayesian analysis using MrBayes, 
version 3.1.2 (Ronquist and Huelsenbeck 2003) with a general time-reversible model with 
invariant sites and gamma-distributed rate variation across sites (GTR+I+ Γ). The Markov chain 
Monte Carlo (MCMC) parameters were set to run for 20-million and were sampled every 1000 
generations. A burn-in period of 25% was removed prior to the formation of a consensus tree.  
 
Test of cospeciation 
The permutation test described by Hommola et al. (2009) was used to test for nonrandom 
associations between host and parasite trees.  This test uses the phylogenetic distance matrices 
(calculated as patristic distances from branch lengths) of two groups and a matrix of associations 
between these groups to measure the observed correlation between the matrices. This is then 
compared to the observed values with a null distribution of matrix correlations created through 
permutation. 
 
 
 
 65 
 
RESULTS 
Molecular and Phylogenetic results 
Eois – The final alignment for COI included all 94 Eois specimens and encompassed 556 
base pairs. The final alignment for EF1-α included 51 specimens and encompassed 452 base 
pairs. The Bayesian analysis implemented in MrBayes and BEAST resulted in phylogenies with 
some well-supported nodes and some weakly supported nodes (Figs 8, 9, 10). Because the goal is 
not to reconstruct the deep evolutionary history of Eois, but rather to examine patterns of host 
use across the tree, and as both phylogenies suggest similar patterns of host use, these results are 
adequate to address the questions addressed by this study.  Ancestral character reconstruction on 
the EF1-α and the COI phylogenies show a surprising amount of host conservatism among 
closely related individuals (Figs 8, 9). These radiations of individuals on the same host plant are 
often supported by high posterior probabilities (Figs 8, 9). Host use was non-randomly 
distributed across the phylogeny (35 steps, p=0.001).  
Piper – A total of 52 Piper species were included in the Bayesian analysis, which 
resulted in a well-supported phylogeny (Fig. 10) to yield a 2278 bp dataset depicting the same 
relationships among species as previous studies (Jaramillo et al. 2008).  In order to visualize the 
pattern of Eois herbivory on Piper, I marked Piper species that are known Eois host plants (Dyer 
and Gentry 2002; Dyer et al. 2011) on a previously published phylogeny (Fig 11; Jaramillo et al. 
2008). Piper species that are attacked by Eois were non-randomly distributed on the tree (28 
steps, p=0.01). This nonrandom result was largely driven by the presence of three groups of 
sister species that are each attacked by Eois. When one member of each of these pairs is removed 
from the analysis the phylogenetic signal was lost (28 steps, p=0.69).  
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 Parapanteles – The results of the Bayesian analysis estimating the diversity of 
Parapanteles suggested that six distinct clades exist among Eois-attacking wasps (Fig. 12a). The 
Bayesian analysis exploring the relationship of Parapanteles that were reared from Eois and 
other Parapanteles species shows some phylogenetic structuring of Eois-attacking parasitoids, 
with two small radiations of parasitoids attacking Eois (Fig 12b). While host use was non-
randomly distributed across the phylogeny (3 steps, p=0.001), there does not appear to be 
conserved host use between the Parapanteles and the specific species of Eois they attack (Fig. 
12b). 
 
Molecular dating analysis 
The molecular dating analysis implemented in BEAST suggested that several of the 
diversification events indicating a radiation of Eois onto the same plant species occurred during 
the Pleistocene and that many of the diversification events showing ancestral species splitting 
and colonizing different host plants occurred during the Neogene.  These dates are similar to 
those estimated using standard molecular clock estimations.  For example Clade E (Fig. 8) is 
estimated to have originated around 2 Ma using BEAST, and when a molecular clock of 2.3% 
sequence divergence per million years is applied to these specimens it is estimated that this clade 
originated at 0.15 Ma.  When the more recent clock rate of 3.54% per million years is applied to 
Clade E, the origin is estimated to be at 0.10 Ma. Similar patterns exist in Clade A-D (Fig. 8) 
with diversification being linked to Pleistocene, and sometimes Pliocene times. While these three 
divergence date estimates differ, all three methods suggest that many of the radiations on a single 
host plant were the result of Pleistocene climate cycles. 
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Test of cospeciation 
Cospeciation tests were conducted between each of the three trophic levels represented in 
this system. The test of cospeciation between Eois and Piper suggested a high degree of 
correlation between phylogenies (p=0, r=0.35). As the conserved host use in several large clades 
may artificially inflate the estimate of correlation, I also ran the test with a reduced dataset. This 
dataset included only a single representative Eois specimen from each of the clades with multiple 
specimens on a single host plant.  This test of the reduced dataset suggested little correlation 
between Eois and Piper (p=0.08, r=0.09), indicating that the correlation between full datasets is 
due to the large amount of host conservatism found in this group. The analysis comparing 
phylogenetic patterns between Eois and Parapanteles did not show strong correlation between 
these groups (p=0.44, r=-0.03). Similarly, there did not seem to be evidence for cospeciation 
between Parapanteles and Piper (p=0.22, r=0.08). While a test of cospeciation for tri-trophic 
systems has been developed (Maramba 2010), it was not implemented as the pairwise tests were 
not significant. 
 
DISCUSSION 
A phylogenetic hypothesis for Eois was recently published by Strutzenberger et al. 
(2010), which differs from our work in a number of ways.  First, because Eois is so diverse, with 
some estimates as high as 2,000 species in the New World (Rodríguez-Castañeda et al. 2010), 
our taxon sampling does not broadly overlap with the previously published phylogeny. Also, 
previous analyses focused principally on family level host associations (Strutzenberger et al. 
2010), while our analyses focus on Eois that attack Piper, which is by far the dominant host for 
the genus.  Thus I investigated resource use at a different scale. Finally, rather than assigning a 
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single genetic distance in order to delegate specimens to specific species or species-groups, all 
individuals that were genetically, morphologically, or ecologically distinct were included.  This 
approach was key to the study both because the taxonomy of Eois is still uncertain, but more 
importantly because I was interested in the origins of diversity across multiple scales, starting 
with the lowest level of diversification. 
In tropical lepidopteran communities, larval morphology can be a more revealing 
indicator of species-level diversity than adult morphology (e.g. Hebert et al. 2004).  Consistent 
with this, I found that variation in larval morphology differentiating species and putative species 
(morphospecies that have not been taxonomically described) was not always associated with 
variation in the region of COI typically used for barcoding (see Forister at al. 2008 for a review 
of problems associated with single markers at low taxonomic levels). For example, I found a 
wide variety of larval morphologies (Fig. 13), and even life history strategies in a group of 
specimens that are all closely related (less than 2% COI sequence divergence: Clade E, Fig. 8).  
While some of the morphological variation observed among closely related individuals might be 
a result of polymorphism within biological species, it is clear that multiple taxa are present in 
clades separated by small genetic distances.  One extreme example is in Clade E (Fig. 8), 
specifically the specimens E5 and E24.  These specimens share very similar COI sequences 
(0.02% sequence divergence), yet they are quite different morphologically and behaviorally and 
feed on different host plants. Specimen E5 has a common name of “group feeding purple”, 
which, as the name indicates, feeds communally and is purple in color as a larva (Fig. 13). The 
specimen E24 however, feeds solitarily and is bright green as a larva (Fig. 13). Furthermore, the 
adults of these specimens are morphologically different (Fig. 13).  Additionally, the nuclear gene 
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EF1-α, which typically evolves much more slowly than COI, appears to suggest that members of 
this clade are genetically distinct (Fig. 9).  
In addition to genetically similar, morphologically distinct species, our phylogeny 
indicates that several cryptic species likely exist in Eois.  For example, E. nympha, a common 
species found in Costa Rica, comes out in two places on the tree indicating that some specimens, 
while morphologically indistinguishable, are genetically distantly related. The same pattern can 
be seen in E. pallidicosta, with specimens being found in two distantly related clades. While 
cryptic species have been described in a variety of organisms and are particularly common in the 
tropics (e.g., Condon et al. 2008), new species complexes are expected to exist even in some 
well-studied groups, particularly among arthropods inhabiting tropical areas (Bickford et al., 
2007).  
Strutzenberger and Fieldler (2011) recently suggested that speciation rates in Eois started 
high and declined constantly until they sharply dropped at the Miocene-Pliocene boundary with 
very few speciation events occurring in the Pleistocene. Our analyses however, suggest that 
while several diversification events can be linked to Neogene times, a great deal of 
diversification occurred during the Pleistocene (Fig 8).  The differences between my findings and 
those of Strutzenberger and Fieldler (2011) are partly driven by species definitions.  
Strutzenberger and Fieldler (2011) used a 2% COI sequence divergence to delimit species, so 
individuals with less than 2% sequence divergence were lumped together in their analysis.  I did 
not directly measure speciation rates because it remains unclear what characteristics distinguish 
Eois species. Instead, patterns of diversification, regardless of intra or inter-specific distinctions 
are described. Understanding the patterns of host use in old and young lineages can help us to 
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understand how host use affects diversification in insects and how high diversity in the tropics 
developed and is maintained.  
 
Phylogenetic patterns of host use 
For the most part, ecological associations are not randomly distributed on the phylogenies 
reported.  In particular, host use clusters strongly on both of the Eois phylogenies in a somewhat 
unexpected way, with multiple sister taxa (either taxonomic species or morphospecies) attacking 
the same host (Figs 8, 9).  In this sense, each nominal Piper host seems to support a mini-
radiation of low-level diversification. In contrast, the distribution of Eois-feeding on the Piper 
tree does seem to be dispersed, suggesting that all major groups of Piper might support Eois 
caterpillars (Fig. 11).  Host use is non-randomly distributed on the Parapanteles phylogeny, in 
that at least two small radiations of wasps that have diversified on Eois (Fig. 12) have been 
found.  For the distribution of host use on both the Eois and Parapanteles phylogenies, it is 
important to note that other patterns could have been observed.  For example, it could have been 
the case that Eois sister taxa were more reliably associated with different nominal hosts, a 
scenario that would have been consistent with the importance often placed on host-switching for 
herbivorous insects.  For Parapanteles, a distinct alternate possibility would have been dispersed 
relationships among Eois-attackers, in which the Eois-feeding habit would have appeared in 
many places throughout the phylogeny. 
Although host use is non-random for Eois and Parapanteles, no evidence was found for 
parallel speciation or cospeciation, which might have resulted if, for example, Eois and Piper 
diversified in concert, or if Eois diversified onto Piper at a later date but the evolution of Eois 
proceeded with sequential diversification onto closely related (and possibly chemically similar) 
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host clades.  Our analysis of cospeciation between Eois and Piper did result in statistically 
significant correlation between the two phylogenies, but this appears to be driven by the presence 
of several large clades of Eois that all use the same host (as mentioned previously).  Similarly, no 
evidence of cospeciation was found between Parapanteles and Eois, or Parapanteles and Piper.  
There are several examples of host shifts that lead to sister species of Eois feeding on sister 
species of Piper. Also, there is a common pattern of host use seen in multiple places on the tree 
in which a clade of Eois associated with Piper crassinervium (Clade C, Fig. 8) is sister to a clade 
of Eois associated with P. baezanum (Clade B, Fig. 8).  This is of interest because P. 
crassinervium and P. baezanum are close relatives.  These instances of closely related Eois 
feeding on closely related Piper might be due to similarities in phytochemistry of related plants 
rather than indicative of shared evolutionary histories.    
 
Mechanisms of diversification 
Our phylogenetic results depict a complex history of host shifts and host conservatism in 
Eois.  Based on ancestral character reconstructions, the majority of host shift events in Eois are 
associated with older nodes, primarily those divergences linked to the Neogene (Fig. 8). During 
the Neogene, the Andes experienced major periods of uplift (Gregory-Wodzicki 2000), which 
drove diversification in most Neotropical tetrapod clades (Antonelli et al. 2010).  At this same 
time, Piper experienced major diversification, likely as a result of the climatic changes caused by 
Andean uplift.  The Neogene diversification of Eois is probably due to the subsequent impacts of 
Andean uplift and the diversification of New World Piper.   
Although host shifts contribute to diversification in some groups, recent studies of 
herbivorous insects have documented diversification without host shifts, finding instead that 
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diversification was driven by geographical isolation (Imada et al. 2011).  Recent diversification 
events in Eois are unique, but several instances were observed of diversification occurring in the 
same general location without host shifts (Clades A-E, Fig. 8).  Based on my molecular dating 
analyses, most of this diversification on a single host plant occurred during the Pleistocene (Fig. 
8).  The typical model of Pleistocene diversification in tropical ecosystems suggests that 
Pleistocene cooling led to the formation of forest refugia in lowland areas vicariantly splitting 
populations of forest-adapted taxa, eventually leading to speciation (e.g., Hooghiemstra and van 
der Hammen 1998). The forest refugia hypothesis might explain the diversification of Clade A 
(Fig. 8), which is made up of specimens collected from La Selva, Costa Rica, a low elevation 
forest site, yet this hypothesis might not work for the clades collected in mid-elevation Andean 
forests in Ecuador (Clades B-E).  While tropical lowlands resembled savannah-grasslands with 
patches of forest during the Pleistocene glacial cycles, fossil evidence suggests that Neotropical 
montane forests, like those surrounding our collection site in Ecuador, remained forested in 
glacial and interglacial cycles (Bush et al. 2004). Rather than isolated forest patches forming in 
the glacial cycles, climatic cooling is thought to have forced many species downslope (Bush et 
al. 2004).  Recent evidence suggests that in addition to up and downslope migration, mid-
elevation Andean forest also supported microrefugia throughout the glacial cycles (Valencia et 
al. 2010).  It is unknown if our mid-elevation study site simply experienced downslope migration 
during the Pleistocene cooling, or if microrefugia formed in this area.  Regardless, Pleistocene 
climate cycles seem to have driven diversification in Eois, likely by isolating populations as host 
plant ranges shifted downslope or into microrefugia. 
While this variation of the forest patch hypothesis – whether referring to lowland forests 
patches, mid-elevation microrefugia, or up and downslope migration – might provide a scenario 
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in which allopatric diversification results from independent genetic drift in isolated populations, 
this hypothesis does not provide a mechanism in which genetic differentiation between 
populations would be maintained after the reestablishment of widespread forest.  I suggest that 
the cause of genetic differentiation in Eois, and the maintenance of this genetic divergence, is a 
combination of vicariance, ecological speciation, and landscape heterogeneity.  In many tropical 
landscapes, soil composition is a complex mosaic of different soil types.  In addition, Piper 
plants grown on different soil types have different phytochemical composition, even within 
species.  Because Eois are highly host-specific, with each species restricted to an average of 
approximately 2 species of Piper (Connahs et al. 2009), the movement of host plants in response 
to Pleistocene cooling would likely lead to colonization of a different soil type, and therefore, 
result in host plants with different chemical profiles than the parent populations. This continual 
range movement, and phytochemical shifts, would drive local adaptation in Eois to host plants 
growing on specific soils. This association of Eois populations on specific soils would persist 
even when widespread forests were reestablished in interglacial cycles. This mixture of vicariant 
isolation in response to Pleistocene cooling, combined with ecological speciation onto different 
chemically defined host plant variants, associated with specific soils, likely drove and maintained 
diversity in the species-rich, Neotropical moth genus Eois.  
 
CONCLUSIONS 
Diversification in herbivorous insects is often attributed to evolution of larval diet 
through host shifts and cospeciation or coevolution with host plants. Our analysis of the species-
rich moth genus Eois, however, does not show evidence for cospeciation with its host plant, 
Piper, or with a parasitic wasp that attacks it, Parapanteles. Instead, a combination of Neogene-
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aged host shifts and Pleistocene-aged radiations may have driven diversification in this group.  In 
the Neogene, uplift of the Andes, combined with diversification of Piper, likely were factors 
driving older diversification events in Eois.   More recent diversification was possibly driven by 
Pleistocene climate changes, which created fragmented forest refugia and caused downslope 
migration of host plants. The glacial-aged movement of plants to new areas, specifically with 
new soil types, likely caused changes in the phytochemistry of the plants, driving local 
adaptation in Eois. This local adaptation could have resulted in genetically distinct populations 
on specific soil types, which led to the explosive diversification within this group.   
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Bayesian consensus tree of Eois based on COI.  Nodes marked with * indicate posterior probabilities of 
0.95 or above. Clades marked A-E mark groups specifically discussed in the text. Branch colors indicate host plant 
affiliations based on parsimony reconstructions.  Divergence times are indicated and the Neogene and Pleistocene 
are marked (Neogene in light grey, Pleistocene in dark grey). Terminal taxa names contain the voucher number and 
the species or morphospecies name (see appendix D for details). 
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Figure 9. Bayesian consensus tree of Eois based on EF1-α with posterior probabilities reported at nodes. Branch 
colors indicate host plant affiliations based on parsimony reconstructions.  Tree is drawn as a cladogram for ease of 
visualization of host plant affiliations. The identical tree drawn with branch lengths is inserted to show a more 
realistic picture of sequence divergence. Terminal taxa names contain the voucher number and the species or 
morphospecies name (see appendix D for details). 
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Figure 10. Comparison of Bayesian consensus trees of Piper and Eois estimated using MrBayes.  Posterior 
probabilities are reported for Piper and posterior probabilities are reported for the backbone of Eois.  Nodes marked 
with * on the Eois phylogeny indicate posterior probabilities of 0.95 or above. Lines connect host plants with the 
Eois that attack them (see appendix D for details). 
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Figure 11. Bayesian consensus trees of Neotropical Piper from Jaramillo et al. (2008).  Piper species known to be 
attacked by Eois are marked in black and indicated with an arrow. Clade and subclade names correspond to the 
descriptions given by Jaramillo et al. (2008). 
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Figure 12. a) Bayesian consensus tree based on the combined dataset. Posterior probabilities are given for most 
nodes. b) Bayesian consensus trees of Parapanteles based on COI. Posterior probabilities are reported for nodes 
supported by 0.5 or greater.  Taxa marked with black branches are known to attack Eois, taxa marked with grey are 
either not known to attack Eois, or the host associations are unknown.  Terminal taxa are marked with voucher 
numbers for those specimens reared from Eois (see appendix E) or with species identifiers associated with the 
BOLD database. Symbols marking Eois-attacking Parapanteles specimens indicate the specific Eois morphospecies 
or species from which the wasp was reared.  
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Figure 13. Examples of the morphological diversity observed in closely related Eois specimens from Clades D and 
E (Fig. 8).  Images 1-6 represent individuals from Clade E and images 7-10 represent individuals from Clade D. 
Images 1 and 2 are representative of E17 (speckledthing), images 3 and 4 are representative of E31 (purplerimmel), 
images 5 and 6 are representative of E5 (groupfeedingpurple), images 7 and 8 are representative of E1 
(yellowsplodger), and images 9 and 10 are representative of E53 (freckledlance). 
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SI, Section 4. Harmonic means and associated Bayes-Factors for constrained and unconstrained 
Bayesian analyses .............................................................................................................................  
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This material may be found in the supplemental file labeled 'AppendixB_Chapt1.xls' 
 
Full rearing records for each Cotesia species included in this study. 
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APPENDIX C  
This material may be found in the supplemental file labeled 'AppendixC_Chapt1.xls' 
 
Full records of Cotesia host species and their feeding plants. 
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APPENDIX D  
This material may be found in the supplemental file labeled 'AppendixD_Chapt2.xls' 
 
Sequencing and host associations records of specimens included in this study. 
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APPENDIX E 
This material may be found in the supplemental file labeled 'AppendixE_Chapt2.xls' 
 
Primers used in this study. 
 
